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1.0 SUMMARY 


This report summarizes the results of a study conducted in the October 
1976 - June 1980 period under NASA Contract NAS 1-14631 to evaluate laminar 
flow control system concepts for subsonic conmercial transport aircraft. 
The ultimate objective of the LFC program is to demonstrate that the tech- 
nology is available to permit incorporation of LFC into long-range commer- 
cial jet transports in the post-1990 period. The specific objectives of 
the study reported herein support this program objective and include: 

(1) The evaluation of alternatives in the design of laminar-flow- 
control subsonic commercial transports for operation in the 1990 
time period. 

(2) The definition of requirements for detailed subsystem development 
in subsequent program phases. 

In satisfying these objectives, the study was organized into major 
tasks devoted to the definition of an initial study baseline configuration, 
the use of the baseline as a vehicle for the evaluation of alternative 
system concepts, the integration of selected concepts into the baseline to 
form the final study configuration, and the comparison of this configura- 
tion to an advanced technology turbulent transport optimized for the same 
mission. 

As the initial task in the study, titled Missioft Definition and 
Baseline Configuration, an extensive evaluation of traffic projections and 
market analyses was conducted to define probable missions for commercial 
transports entering service in the post-1990 period. The selected mission 
is characterized by a passenger payload of 400 and a range of 12 038 km 
(6500 n mi). At reduced ranges, the aircraft has the capability of 
transporting the full passenger payload and 16 874 kg (37 200 lb) of belly 
cargo. Average state length was estimated to be 6112 km (3300 n mi). A 
cruise speed of M = 0.80 was selected for the study aircraft. Airport 
performance is compatible with projected international airports, with a FAR 
field length of 3048 m (10 000 ft) and maximum approach speed of 269 km/hr 
(145 kn). 

The baseline LFC transport incorporates laminarization of both wing 
surfaces to the 75% chord location and all empennage surfaces to the 652 
chord location. 

The major portion of the study effort was devoted to a series of tasks 
conducted under the heading of Concepts Evaluation. Included in these 
tasks were analytical investigations, design studies, and subsystem testing 
conducted to evaluate alternative concepts in the following areas: 

(1) Aerodynamics 

(2) Structures and materials 

(3) Suction Systems 

(4) Leading-edge region cleaning 


(5) Integration of auxiliary systems 

In aerodynamics, primary efforts were devoted to the development of 
solutions to the basic problems of LFC wing design. Included were ex- 
tensive analyses of alternative airfoil sections as required to minimize 
both suction system requirements and the complexity of the suction surface 
design. For selected airfoil sections, three-dimensional analyses were 
conducted and conceptual LFC wings were defined. Studies were conducted as 
required to develop conceptual high-lift systems compatible with both spec- 
ified airport performance requirements and the peculiar constraints imposed 
by the integration of LFC surfaces into the wing. The final LFC wing de- 
sign, based on a supercritical presure distribution, is compatible with 
both operational requirements and systems requirements of the final study 
configuration. 

A central problem in the definition of a feasible production con- 
figuration for LFC transports is the development of LFC surface designs 
which satisfy aerodynamic requirements without imposing unacceptable 
structural weight penalties, manufacturing costs, and operational require- 
ments. Consequently, extensive investigations were conducted in the de- 
velopment of structural concepts for both the wing-box and the leading-edge 
regions of the wing of the baseline LFC transport. As a part of the de- 
velopment, alternative structural concepts were evaluated, detailed designs 
were developed for selected concepts, manufacturing procedures were es- 
tablished, and fullscale structural specimens were fabricated and tested. 

The selected LFC surface design for the wing-box region is a stru- 
ctural skin and hat-section stiffener configuration with LFC ducting and 
metering integrated into the structure. The structural elements are 
fabricated of graphite/epoxy composites, with a titanium outer face sheet 
for lightning protection and resistance to erosion and corrosion. Three 
0.91 m x 1.52 m (3 ft x 5 ft) LFC surface panels were fabricated and 
subjected to extensive environmental and structural testing which validated 
the design concept. 

The selected leading-edge design employs components of sandwich con- 
struction with graphite/epoxy face sheets and corrosion resistant aluminum 
honeycomb core. A thin gauge titanium skin, bonded to the surface panel 
outer face sheet, contains the required suction slots and provides environ- 
mental protection for the composite structure. A fully functional 1.83 m 
(6 ft) section of the leading edge, representative of the baseline aircraft 
wing at the 98X semispan location, was fabricated and structurally tested 
to validate the design. 

Suction system studies were conducted with the goal of developing a 
slotted surface suction system for airfoil laminarization which considers 
not only the basic design requirements and criteria but also provides 
allowances for deviations from an ideal design and for off-design con- 
ditions that exist for a production aircraft. The suction system selected 
for the study aircraft is based on the integration of suction ducting and 
metering into the structure of the wings and empennage. Suction flow from 
the wing surface progresses through the slot into a slot duct and the first 
level of metering before entering ducts formed by the hat-section stif- 
feners in the wing structure. Flow from the hat-sections is collected by 
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chordwise ribs at 76.2 cm (30-in.) intervals, and transferred through trunk 
ducts in the leading edge to suction units in the wing-root region of the 
fuselage. A limited experimental evaluation of the slot/metering system 
was conducted to evaluate the selected configuration. Within the limits 
established by uncertainties in LFC surface design criteria, the selected 
configuration is compatible with the requirements of the study aircraft. 

In the task devoted to leading-edge region cleaning, the evaluation of 
candidate concepts resulted in the selection of a fluid dispersal system 
integrated into the leading edge to counter potential insect contamination 
and provide icing protection for LFC aircraft proposed for the 1990 period. 
Wind-tunnel testing of a sub-scale leading-edge section was conducted to 
evaluate alternative configurations for fluid dispersal and the effec- 
tiveness of the fluid film in preventing insect accretion. This testing 
facilitated the selection of a conceptual design for the leading-edge 
section and demonstrated the effectiveness of the concept in preventing 

insect accretion at low speeds. Based on the results of this testing, a 
full-scale leading-edge section, sized for the mid semispan region of air- 
craft in the JetStar/DC9-10 class, was designed and fabricated. This test 
section, incorporating functional cleaning and suction systems, was tested 
in the Lockheed-Georgia Company low-speed wind-tunnel and demonstrated the 
effectiveness of the cleaning system design in preventing leading-edge 
contamination at speeds representative of the takeoff-climb profile for LFC 
aircraft . 

In the investigation of integrating the LFC systems with existing 

auxiliary aircraft systems, it was determined that there is no benefit to 

be realized in attempting to integrate the suction system with airplane 

pneumatic or auxiliary power systems. The only advantageous integration of 
systems is that fundamental to the selected leading-edge concept which 

integrates the insect protection and deicing systems. 

In the configuration selection and assessment task, the final LFC con- 
figuration incorporating selected system concepts was compared to an ad- 
vanced technology turbulent configuration. Although there are configu- 
rational differences, both aircraft represent near-optimum configurations 
for the defined mission and a valid comparison of the benefits provided by 
LFC is possible. The turbulent airplane is configured in the traditional 
form of current passenger transports with wing-mounted engines and a low- 
horizontal tail. High-lift devices for the turbulent airplane include 

leading-edge slats and modified Fowler trailing-edge flaps. To provide a 
clean wing for maximum LFC efficiency, engines on the LFC configuration are 
mounted on the aft fuselage and the horizontal tail is in a T configu- 
ration. There are no leading-edge devices included on this configuration 
to minimize wing surface discontinuities. LFC suction pumps are housed in 

pods beneath and extending forward of the wing roots. The aft fuselage of 

the LFC configuration is«extended by *1.27 m (14 ft) to structurally accom- 
modate the pylons which support the propulsion engines. 

The gross weight of the LFC transport is 8.2% less than that of the 
. turbulent configuration. This is achieved in part by the integration of 
suction system elements with the aircraft structure with the result that 
the LFC surface penalty is only 2.41 of empty weight. The total weight of 
the LFC system represents 4.4% of empty weight. It is significant to note 
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that mission fuel for the LFC configuration is 21.7% less than that of the 
turbulent transport. For a fuel price of $0.19/1 ($0. 45/gal), the 21.7% 
block fuel advantage offsets a 13% maintenance advantage and a 2% advantage 
in depreciation accruing to the turbulent aircraft with the result that 
direct operating costs are equal for a 6112 km (3300 n mi) stage length. 
Similar cost computations for a 12 038 km (6500 n mi) flight shift the 
comparison in favor of the LFC aircraft, reflecting the greater advantage 
of LFC with increasing range. 

In early 1980, the price of jet fuel was almost $0.26/1 ($1. 00/gal). 
At this price, LFC provides a 4% DOC advantage. As fuel costs rise to 
$0.52/1 ($2. 00/gal), a DOC advantage of 10% results from the application of 
LFC. In terms of fuel efficiency, at the average stage length of 6112 km 
(3800 s mi), the LFC transport demonstrates an advantage in fuel efficiency 
of 91% and 28%, respectively, compared to the best of the current tran- 
sports and the advanced technology turbulent aircraft. At 9100 km (6500 s 
mi), the fuel efficiency of the LFC transport is greater than that of 
current transports by 255%. These data illustrate the dramatic potential 
offered by a fleet of LFC transports in the 1990 time period. 

As a part of the task devoted to the identification of future de- 
velopment requirements, studies were conducted which demonstrated the 
feasibility of using the NASA JetStar aircraft as a test bed for the eval- 
uation of leading-edge LFC concepts. An additional task in this area 
established the feasibility of integrating the Lockheed LFC wing design 
into a DC-9-10 aircraft to form a LFC validator configuration. Further 
requirements for future development include the validation of current 
concepts, the continued development of manufacturing procedures, the 
investigation of operational characteristics in flight, and the refinement 
of design criteria and methodology. To a great extent, these requirements 
can be satisfied by the major programs currently included in the NASA LFC 
program plan. These programs are: 

(1) The NASA high-speed wind-tunnel program; 

(2) The JetStar leading-edge flight test program; 

(3) The LFC wing panel structural design and development program; and 

(4) The LFC validator flight test program. 

These programs are logical steps toward the ultimate goal of verifying 
the credibility of LFC as a viable candidate for incorporation into commer- 
cial transports for the 1990’s. 
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2.0 INTRODUCTION 


The recognition of potential long-term shortages of petroleum-based 
fuel, evidenced by dramatic increases in costs and periods of limited 
availability since 1973, has emphasized the need for improving the fuel 
efficiency of long-range transport aircraft. In 1976, in response to this 
need, the NASA established the Aircraft Energy Efficiency (ACEE) program 
with the objective of maintaining the U. S. competitive advantage through 
the development of new technology for fuel efficiency. Of all advanced 
technology concepts currently under consideration for application during 
the next two decades, Laminar Flow Control (LFC) offers the greatest 
potential for improving the fuel efficiency of transport aircraft. 
Consequently, LFC is included as one element of the ACEE program and the 
NASA has formulated a three-phase program with the goal of developing LFC 
technology to permit application to aircraft in the 1990 period. 

Both the theoretical methods and engineering and design techniques 
requisite to the application of LFC have been reasonably well-known since 
the mid-1940's. The validity of this background and the potential of LFC 
were partially evaluated in the 1960-1966 period by Northrop as a part of 
the X21A LFC Demonstration Program (Ref. 1-4). More recent studies, 

described in Reference 5, have evaluated the potential economic advantages 
of LFC in the projected airline environment. However, a conclusion common 
to all previous evaluations is that significant advances are required in 
both the operational verification and the development of basic design 
criteria for LFC prior to the incorporation of this technology on a 
production transport. 

This report summarizes the work accomplished by Lockheed during the 
first phase of the program directed toward the satisfaction of these re- 
quirements. Section 4.0 of this report provides background information 
defining the overall study plan, assumptions basic to all study tasks, and 
the technology level appropriate to long-range commercial transport air- 
craft entering service in 1993. Section 5.0 describes the analyses 
conducted to select mission parameters, the parametric analyses conducted 
to define optimum aircraft configurational parameters and the resultant 
baseline configuration. The baseline aircraft defined in this section was 
used as a vehicle for the evaluation and development of alternative LFC 
system concepts described in Section 6.0. In this section, alternatives 
are evaluated in the general areas of aerodynamics, structures and 
materials, LFC systems, leading-edge region cleaning, and integration of 
auxiliary systems. Based on these evaluations, concepts in each area are 
selected for further development and testing and ultimate incorporation in 
the final study aircraft. The integration of selected system concepts into 
the final LFC configuration and the economic and operational character- 
istics of this configuration relative to a similarly-optimized advanced 
technology turbulent transport are described in Section 7v0. Investi- 
gations devoted to the definition of requirements for future LFC system 
development are summarized in Section 8.0. 

Use of commercial products or names of manufacturers in this report 
does not constitute official endorsement of such products or manufacturers, 
either expressed or implied, by the National Aeronautics and Space Adminis- 
tration . 
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3 . 0 SYMBOLS AND ABBREVIATIONS 


Symbols 

speed of sound, m/s (ft/s) 
wing span, m(ft) 
local wing chord, m(ft) 
drag coefficient 
skin friction coefficient 
lift coefficient 
pressure coefficient 
slot spacing, cm(in) 
span efficiency factor 
net thrust, N(lb) 
cruise altitude, m(ft) 

height of three-dimensional surface roughness, m(ft) 

Mach number 
mass, kg (lb) 

natural logarithm of the ratio of a boundary-layer distur- 
bance amplitude to its amplitude at neutral stability 

crossflow velocity, m/s(ft/s) 

2 2 

absolute pressure, N/m (lb/in ) 

Reynolds number 

wing chord Reynolds number 

boundary-layer tangential-flow Reynolds number 
roughness Reynolds number 
length Reynolds number 

boundary layer crossflow Reynolds number 
boundary layer momentum thickness Reynolds number 


s 

2 2 
area, m (ft ) 

S 

surface distance, m(ft) 

t 

thickness, m (ft) 

t/c 

wing thickness-to-chord ratio, measured streamwise 

T 

temperature # °C(°F) 

u 

potential flow velocity, m/s(ft/s) 

u 

o 

free stream velocity, m/s(ft/s) 

u 

e 

velocity at edge of boundary layer, m/s(ft/s) 

V 

s 

area suction velocity, m/s(ft/s) 

V D 

design dive speed 

W A 

engine airflow, kg/s(lb/s) 

w 

n 

boundary layer crossflow velocity component in the direction 
normal to the potential flow streamline, m/s(ft/s) 

w 

slot width, mm(in) 

x/c 

chord location 

(X/C) L 

chordwise extent of laminarization 

X 

streamwise coordinate, m(ft) 

y 

spanwise coordinate, m(ft) 

z 

coordinate normal to surface, m(ft) 

a 

angle of attack, rad (deg) 

p 

slot design parameter, ( Q = t ) 

w R 

w 

7 

ratio of specific heats 

8 

boundary-layer thickness, m(ft) 

8' 

boundary-layer displacement thickness, m(ft) 

V 

cruise power ratio, wing semispan location 

Q * 

boundary-layer momentum loss thickness, m(ft) 

A 

wing sweep angle, rad (deg) 
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M 

2 2 

absolute viscosity, Ns/m (lb s/ft ) 

V 

2 2 

kinematic viscosity, M /s (ft /s) 

p 

density, kg/m^ (lb/ft^) 

a 

slot design parameter 

r 

slot design parameter 


Subscripts 

0 

free-stream 

s 

slot 

k 

roughness 

e 

edge of boundary layer 

z 

sucked height of boundary layer 


Abbreviations 

APU 

auxiliary power unit 

AR 

aspect ratio 

ATA 

Air Transport Association 

ATC 

air traffic control 

ATT 

advanced technology transport 

BPR 

bypass ratio 

DOC 

direct operating cost, d/skm(d/ssm) 

ECS 

environmental control system 

EPNdB 

effective perceived noise level, decibels 

FBW 

fly-by-wire 

FPR 

fan pressure ratio 

FS 

wing front spar, fuselage station 

LE 

leading edge 

L/D 

lift to drag ratio 

LFC 

laminar flow control 
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MAC 

mean aerodynamic chord, m(ft) 

MLG 

main landing gear 

NDI 

non destructive inspection 

OEW 

operating empty weight, kg(lb) 

OPR 

overall pressure ratito 

PL 

payload, kg(lb) 

P&WA 

Pratt & Whitney Aircraft 

R&T 

research and technology 

RS 

wing rear spar 

RSS 

relaxed static stability 

SAS 

stability* augmentation system 

SFC 

specific fuel consumption, mg/s [lb/hr\ 

N \ lb / 

SLS 

sea level standard 

SSM 

seat statute mile 

TE 

trailing edge 

IF 

turbulent flow 

TIT 

turbine inlet temperature, °C(°F) 

TOGW 

takeoff gross weight, kg(lb) 

TRL 

transition location on lower surface 

TRU 

transition location on upper surface 

T/W 

thrust-to-weight ratio 

VPF 

ft 

variable pitch fan 

W/S 

2 2^ 

aircraft wing loading, kg/m (lb/ft 

f WS 

wing station 
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4 . 0 STUDY APPROACH 


This section outlines the basic assumptions and criteria which are 
fundamental to all aspects of the study. Included is a definition of study 
objectives, the overall plan employed to achieve study objectives, design 
criteria, and the assumed technology level. 


4.1 STUDY OBJECTIVES 

The study described in this report has two primary objectives: 

(1) The evaluation of alternatives in the design of laminar-flow- 
control subsonic commercial transports for operation in the 
1990's time period. 

(2) The definition of requirements for detailed subsystem development 
in subsequent program phases. 


4.2 STUDY PLAN 

The general approach used in conducting the study is illustrated in 
the flow chart of Figure 1. Section numbers of this report corresponding 
to activities outlined in the study plan are included in the figure. 

The existing technology data base was used in conjunction with airline 
inputs and independent mission analyses to define requirements for a 1993 
commercial transport and establish a reference baseline configuration for 
subsequent use in evaluating advanced system concepts. In the Concept 
Evaluation Phase, analytical investigations, design studies, and subsystem 
testing, were conducted to evaluate alternative concepts in the following 
areas: 

(1) Aerodynamics 

(2) Structures and materials 

(3) Suction systems 

(4) Leading-edge region cleaning 

(5) Integration of auxiliary systems 

Upon completion of the concept evaluations and test programs, the op- 
timum LFC system elements were integrated into the baseline configuration 
as a part of the Configuration Selection and Assessment task. To assess * 

the relative advantages of LFC, the LFC transport configuration selected in 
this process was compared to an advanced technology turbulent configuration 
optimized for the same mission. 
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Figure 1 . Study plan 
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Figure 2. Life cycle 


The concept evaluations, subsystem tests, and configuration assessment 
activities provide a sound basis for the definition of requirements for 
subsystem development in subsequent phases of the NASA LFC Program. 


4.3 LIFE CYCLE 

The assumed life cycle for study aircraft is shown in Figure 2. For 
initial passenger operation in 1993, the following technology levels are 
appropriate: 

Airframe technology level - 1988 
Engine technology level - 1987 


4.4 DESIGN CRITERIA 


Recent projections of the IATA Technical Committee indicate that air- 
lines will expect a minimum design life objective of 90 000 flight hours 
for long-range aircraft entering service in the post-1990 period. The 
airlines do not expect a crack-free structure for this length of service 
but do expect an airframe which can be maintained economically. Previous 
widebody jet experience indicates that the airlines will expect a service 
life warranty contract of approximately one-half of the design life ob- 
jective. Therefore, a warranty service life of 45 000 flight hours was 
used to establish the wing ultimate tension cutoff stress level for the 
baseline airplane. 

The study aircraft satisfy the requirements for type certification in 
the transport category under Federal Aviation Regulations - Part 25, and 
are capable of operating under pertinent FAA rules. 

Based on realistic estimates of achievable progress for the technology 
readiness date assumed for the study aircraft, the following noise criteria 
were selected: 

o Takeoff sideline FAR 36 -10 EPN dB 

o Takeoff flyover FAR 36 -6 EPN dB 

o Approach flyover FAR 36 -5 EPN dB 

These levels are 2 EPNdb below the standards currently proposed as a 
part of NPRM 75-37C in Reference 6. 

The study aircraft are provided with fuel reserves in accordance with 
the requirements of FAR 121.645. In addition to the fuel reserve allow- 
ances specified in this regulation, the final LFC study aircraft are 
designed with adequate reserve fuel to accommodate loss of the LFC system 
due to weather phenomena during three percent of the mission cruise time. 
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The basic design criteria for LFC systems developed as a part of the 
X-21 Program represent the most comprehensive set of guidelines currently 
available. Therefore, the criteria established by this program and 
reported in Reference 7 form the basis for the definition of LFC systems 
for the study aircraft. 


4.5 REFERENCE TECHNOLOGY LEVEL 

As a preliminary to the parametric configuration analyses and sub- 
sequent configuration optimization activities leading to the definition of 
final study aircraft, the level of technology likely to be available for 
application in the early-1990 period was established. This section sum- 
marizes the reference technology level assumed for all configuration de- 
velopment activities. 

4.5.1 Aerodynamics 

4. 5. 1.1 Aerodynamics Criteria 

The most complete set of criteria for the development of external 
aerodynamic configurations compatible with LFC systems requirements was 
developed as a part of the X-21 program described in Reference 7. The 
criteria of this document were updated to include results of pertinent 
recent investigations. This updating included a critical review of LFC 
suction requirements and dual use of active trailing-edge control flaps for 
gust alleviation and minimization of LFC suction flow rates in varying 
operational conditions. Advances in near-field acoustics predictive 
technology were examined to determine if aerodynamic configuration con- 
straints should be increased or relaxed. Acoustic effects on suction 
requirements were addressed by inclusion of an excess suction system 
capacity similar to the approach used for the X-21. As a result of 
improvements in aerodynamics design and analysis methods, aerodynamics 
criteria were updated to the status depicted in Figure 3. 

4. 5. 1.2 Airfoil Technology 

The aircraft configurations developed in this study incorporate 
advanced technology supercritical airfoil sections characterized by an 
extensive region of supercritical flow terminated by a moderate-strength 
shock located fairly far aft. Typical wing section design curves, which 
define the technology level of the airfoil type, are shown in Figure 4. 
Subsequent design perturbations included supercritical versus shock-free 
and roof-top sections, while recognizing relative LFC suction requirements 
and changes in structural weight due to thickness and shape differences. 
Some variation in airfoil thickness and form were also examined to maximize 
internal volume for fuel and ducting and improve leading-edge boundary 
layer characteristics. 

Advanced technology secondary active trailing-edge flaps of the type 
shown in Figure 5 were adopted as a means of automatically maintaining 
desired pressure gradients, controlling shock position, and minimizing LFC 
suction requirements over a moderate range of operating conditions. 
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Figure 4. Wing section design curves 
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Figure 5. Example of secondary active trailing edge flaps 


4. 5. 1.3 High-Lift Device Technology 

Design and analysis studies performed were compatible with a current- 
technology mechanical flap system which provides the required airport 
performance with the smallest penalty to direct operating cost. Single- 
and multiple-slotted flaps and appropriate leading-edge devices were 
assessed in the study from the standpoint of chordwise and spanwise extent, 
lift and drag effectiveness, relative weight penalty, and high-lift com- 
patibility with airfoil section shapes desirable for LFC. Studies con- 
sidered leading-edge surfaces designed to protect the leading-edge from 
insects, which also function as normal aerodynamic leading-edge devices. 
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4.5.2 Flight Controls 


The flight control system incorporates the elements of active control 
technology (ACT) which promise significant improvements in the efficiency 
of large transport aircraft. 

The ACT system encompasses the following modes of control: 
o Relaxed Static Stability 

o Stability Augmentation System 

o Maneuver Load Control 

o Gust Load Alleviation 

o Flutter Mode Control 

o Ride Control 

The major improvements offered by the above systems are: minimization 

of airframe weight, incorporation of automatic trouble-shooting, and im- 
proved ride characteristics. 

The four channel fly-by-wire (FBW) system is controlled on each 
channel by an on-board digital computer. A digital system is mandated by 
the extensive complex signal processing, the flexibility required to 
accommodate the multi-mode control logic laws, and the redundancy required 
by an FBW system. 

Geared elevators driven by the stabilizer, a double hinged rudder, and 
outboard ailerons provide low speed control. Ground-operable-only spoilers 
are provided for deployment during ground rollout or rejected takeoff. All 
controls and instrumentation required for the operation of the airplane in 
the air and on the ground are located in the flight station. The on-board 
computers provide feedback for two hydro-mechanical units which provide the 
pilots with artificial feel in all three control axes. 

The following paragraphs provide brief descriptions of the multi-modes 
of the ACT system. 

4.5.2. 1 Relaxed Static Stability (RSS) 

Relaxing the static stability requirements in the pitch and yaw axes 
reduces horizontal and vertical tail sizes significantly. These size re- 
ductions thus reduce drag and airframe weight which requires less fuel or 
provides a tradeoff for increassed range. These augmented systems are 
critical for certain portions of the high-speed flight envelope. However, 
cruise and landing control are not dependent on the RSS system. 

• 4. 5. "2. 2 Stability Augmentation System (SAS) 

The three axis SAS, a dual system with full time monitoring, provides 
pitch and yaw damping and turn coordination. This system improves the air- 
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plane handling characteristics, making the pilot's task easier and improv- 
ing the ride qualities. As discussed under the RSS, the augmented stabil- 
ity in the pitch axis allows the tail sizes to be smaller than without 
augmentation while allowing the aft center-of-gravity limit to be extended 
into the unstable region with the horizontal tail flying near the zero lift 
point. 

4. 5. 2. 3 Maneuver Load Control (MLC) 

The MLC system reduces bending loads on the wing. As the wing is 
loaded to some pre-determined level, the full-span trailing 1 ' edge secondary 
flaps operate to reduce wing bending moments and to restrict torsional 
loading to specified limits. 

4. 5. 2. 4 Gust Load Alleviation (GLA) 

The GLA system reduces gust loads on the wing through the use of ac- 
celerometers which respond to wing motion. Much as in the MLC system, sig- 
nals from the on-board computers activate the trailing-edge secondary flaps 
to limit wing bending and torsional loads to preset limits. Pitch damping 
is provided by the elevator to damp airplane oscillations. 

4. 5. 2. 5 Flutter Mode Control (FMC) 

The FMC system capability can be provided if more detailed analyses of 
the LFC transport indicate that it is necessary. All the required system 
logic, sensors, and control hardware are on board to provide other modes of 
ACT. If required, an automatic mode of flutter speed "increase" would 
raise the wing flutter limit from to 1.2 Vp. 

4. 5. 2. 6 Ride Control (RC) 

Like the FMC system, the equipment to provide RC is on-board. Thus 
through proper programming of system sensor anticipation, a smoother ride 
would be provided. 

4.5.3 Propulsion Systems 

4.5.3. 1 Propulsion Engine Definition 

The Pratt & Whitney Aircraft STF-477 study engine was chosen as the 
primary propulsion unit for the study aircraft. This engine cycle was the 
end product of Tasks II and III of a P&WA study performed under contract to 
the NASA Lewis Research Center and reported in Reference 8. The objective 
of these tasks was to evaluate low energy consumption engines and tech- 
nology requirements for in-service operation in the post-1990 period. P&WA 
provided an uninstalled performance spectrum for this engine in Reference 
9. These data include a range of engine power settings, Mach ranges, and 
altitudes covering a realistic flight spectrum with and without engine 
power and bleed air extraction. A summary of engine characteristics if 
presented in Table 1. , 
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TABLE 1. CHARACTERISTICS OF PRATT & WHITNEY 


AIRCRAFT STF 477 TURBOFAN ENGINE 

Increment from 


Parameter 

Performance 

1976 Technology 

Thrust 

118 100 N (26 550 lb) 


TSFC 

mg W lb W 

0.793 A (0.280 r—™.) 

sec N hr lbf 

-12.57. 

FPR 

1.7 nominal 


BPR 

8.0 nominal 


OPR 

45 nominal 


TIT (Max) 

1427°C (2600°F) 


W 

at 

472 kg/sec (1040 lb/sec) 


We ight 

1787 kg (3940 lb) 

- 227. 

Diameter 

1.92 m (75.6 in) 


Length 

2.88 m (113.2 in) 



The low-pressure spool consists of a one-stage fan and three low- 
pressure compressor stages. These components include advanced blading 
aerodynamics and seals for better component efficiency and lower noise 
while maintaining good component life and performance retention. The 
low-pressure spool is driven by a five-stage uncooled turbine, incor- 
porating higher loading and advanced aerodynamics and seals. The high- 
pressure spool incorporates a ten-stage compressor driven by a two-stage 
highly-loaded turbine, both incorporating technology advances similar to 
the low-pressure spool. The high-pressure turbine also includes advanced 
metallurgy, cooling, and coating technologies. 

The basic engine data of Reference 9 are sized for an uninstalled 
rated thrust of 118 100 N (26 500 lb) but scaling data are provided to 
cover a range of 71 200 - 178 000 N (16 000 - 40 000 lb). The study 
airplane requires a thrust of 149 193 N (33 540 lb) which is well within 
this range of scaling data. 

The basic uninstalled STF-477 data were modified to incorporate in- 
stallation losses for an engine nacelle with a three-quarter length fan 
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duct. Allowance was made in the installation losses for the inlet duct 
wall, fan duct inner and outer wall, and primary exhaust duct outer wall 
acoustic treatment of advanced technology low-loss configurations as de- 
scribed in Reference 10. Since the STF-477 engine was basically configured 
to meet FAR 36-10 EPNdB noise criteria, this type of treatment should be 
adequate to meet the noise criteria of this study. 

4.5.4 Structures and Materials 


The selection of materials for the major structural components of the 
study configuration was based on the results reported in the studies of 
Referrences 11 and 12. Candidate materials and structural concepts were 
examined for each element of the structure. Materials and concepts were 
selected on the basis of the lowest cost per pound of weight saved. The 
weight technology factors were developed for a constant-size airplane by 
substituting different materials and structural concepts and computing the 
weights of structural elements for identical structural requirements. A 
weight factor of 1.00 was assigned to the conventional aluminum structure, 
and the ratio of the weight of the advanced material and concept to that of 
aluminum was defined as the weight factor. The full benefits of advanced 
materials were realized by sizing the total airplane, including the power 
plant and other systems, to take advantage of the lower structural weights. 
The selection of advanced materials for wing, are depicted in Table 2. 


Table 3 describes the distribution of advanced materials among the 
airframe components and lists the corresponding weight technology factors. 
Utilization of advanced materials for 66? of the airframe weight results in 
study aircraft which weigh about 67$ of that of comparable current 
transports. Advanced materials are used in both primary and secondary 
structure . 

4.5.5 LFC Systems 

The basic design technology for LFC suction surface and metering 
systems was developed as a part of the X-21 Program in the early 1960's and 
represents the most comprehensive set of guidelines currently available. 
Therefore, the criteria and limits established by that program and reported 
in Reference 7 were used as the basis for the definition of slot and 
metering configurations. These criteria were augmented by a limited amount 
of static testing of slot/metering configurations and a Lockheed -funded 
low-speed wind-tunnel test of the laminarizing characteristics of the 
full-scale leading-edge test panel fabricated under this contract. 

• A leading-edge cleaning system to prevent insect accretion was de- 

veloped by both subscale and full-scale low-speed wind-tunnel testing under 
this contract. The subscale model was fabricated by Lockheed funding while 
the full-scale tests were conducted on the leading-edge test panel < 
fabricated under this contract. 

The internal suction ducting system is essentially state-of-the-art 
for low velocity air ducting, although analyses of system tolerance effects 
were conducted under this contract. 
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TABLE 2. SELECTION OF ADVANCED MATERIALS FOR WING 


Structure 

Material & Concept 


Weight 

Factor 

Outer Wing Box Structure 




Interspar Covers 

Graphite/Epoxy Panels 


0 o6Q 

Root Joint Increment 

Titanium Straps 


0.65 

Joints, Splices & Fasteners 

Reduction in Splices & 
Fasteners 


0.50 

Spar Caps 

Molded Graphite/Epoxy 


0.49 

Spar Webs 

Molded Graphite/Epoxy 


0.51 

Interspar Ribs 

Molded Graphite/Epoxy 
Truss Type 


0 c 57 

Center Wing Box Structure 




Interspar Covers 

Graphite/Epoxy Panels 


0.64 

Root Joint Increment 

Titanium Straps 


0.64 

Joints, Splices & Fasteners 

Reduction in Splices & 
Fasteners 


0.48 

Spar Caps 

Molded Graphite/Epoxy 


0.54 

Spar Webs 

Molded Graphite/Epoxy 


0.53 

Interspar Ribs 

Molded Graphite/Epoxy 
Truss Type 


0.57 

Secondary Structure 




Trailing Edge Flaps 

Graphite/Epoxy Skins & 

Ribs 

0.64 

Ailerons 

Graphite/Epoxy 


0.64 

Fixed Trailing Edge 

Graphite/Epoxy Skins & 

Ribs 

0.64 

Leading Edge 

Molded Graphite/Epoxy 
& Top Hat Formers 

Skins 

0.65 

Tips 

Graphite/Epoxy 


0.54 

Misc. Doors, Root Fairing 

Kevlar 49 


0.60 

TOTAL WING 



0.61 
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TABLE 3. WEIGHT TECHNOLOGY FACTORS 


Component 

Advanced 

Material Weight (%) 

We ight 

Technology Factor 

Wing 

85 

0.61 

Fuselage 

71 

0.66 

Horizontal Tail 

67 

0.74 

Vertical Tail 

67 

0.74 

Nacelle and Pylon 

35 

0.79 

Landing Gear 

23 

0.84 

Weighted Average 

66 

0.67 


The suction units were uniquely configured and sized for this study 
employing an advanced engine technology base with recognition of re- 
strictions imposed by the nature and requirements of the LFC suction 
system. 


4.5.6 Aircraft Systems 

The normal aircraft systems presumed to be used in the study aircraft 
are those generally accepted by industry as being viable candidates for 
improvement or upgrading during the next decade. Examples of such 
improvement may be further miniaturization of electronic systems, higher 
pressure hydraulic systems to reduce hydraulic actuator sizes, and the 
major changes involving fly-by-wire flight control systems incorporating 
active controls. 
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4 . 6 COSTING ASSUMPTIONS 


The following assumptions were employed for the generation of aircraft 
price and direct operating cost data for both the LFC and turbulent study 
aircraft . 


(1) 

All cost are expressed in January 1, 1979, dollars 

(2) 

Total production 

: 350 units : - 

(3) 

Production span: 

10 years 

(4) 

Production rate: 

1.5-4 units/month 

(5) 

Learning curve 



o Labor: 

75 % 


o Materials: 

89 % 

(6) 

Spares 



o Airframe: 

6 % 


o Engine: 

30 % 

(7) 

Utilization : 

4200 hr /year 

(8) 

Depreciation : 

14 years to 10% 


(9) Fuel price: All economic comparisons assumed a fuel price of 

$0.12/1 ($0. 45/gal). Additional economic data were generated 
for fuel prices of: 

o $0.06/1 ($0. 225/gal) 

o $0.24/1 ($0. 90/gal) 

o $0.58/1 ($2. 25/gal) 
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5.0 BASELINE CONFIGURATION DEVELOPMENT 


The plan developed for the realization of contract objectives requires 
the development of a study baseline aircraft to be used as a vehicle for 
the evaluation of alternative LFC system concepts during subsequent study 
phases. This section summarizes the analyses conducted in the process of 
developing the baseline configuration. Included as a part of these analy- 
ses is a definition of the study mission requirements, the parametric con- 
figuration analyses conducted in the selection of aircraft geometry, 
engine, and operational parameters, and the characteristics of the selected 
configuration . 


5.1 MISSION DEFINITION 
5.1.1. Assump tions and Methodology 

As the first phase in the development of a study baseline, the 
Lockheed-California Company performed analyses to determine the size and 
mission characteristics for LFC aircraft to be introduced in the 1993 time 
period. These analyses were based on three assumptions: 

(1) The LFC transport will be primarily a long-range aircraft, since 

the major benefit promised by LFC technology is potential fuel 
savings. These savings occur during cruise, and thus increase 

with increasing range. Consequently, this market analysis 
focuses on distances greater than 4800 km (3000 s mi). Virtually 
all U. S. domestic traffic is thus excluded. North Atlantic 
traffic, the world's largest international market, is included. 

(2) No second generation SST will be in service in the time frame 
under consideration. Therefore, subsonic transports will satisfy 
international traffic demands. The present Concorde, or a minor 
derivative thereof, would have no effect on the LFC transport due 
to its high seat mile costs of operation and ownership. 

(3) Fossil fuels will still be the primary source of aircraft energy 
in the year 2000. As a result, it is not necessary to consider 
alternative fuels for the study aircraft. 

Regarding economic growth, no specific projections were made to year 
2000, except that current relative growth rates will continue and that 
world travel status of the USSR and PRC will not change. If these two 
areas become major markets, demand for an LFC transport will increase. 

The basis of these analyses was the development of estimates of 
present geographical traffic distribution i.e, a "top down" approach. 
Every available source of data was examined, such as Immigration and 
Naturalization Service reports, published flight schedules, origin- 
destination data from major international carriers, and traffic reports 
published by foreign government agencies. A product of this research was a 
traffic distribution matrix describing estimated traffic volumes between 
major world areas distributed among 805 km (500 s mi) increments. 
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Total demand was projected to year 2000. This forecast, based on 1975 
relative distributions, was divided into major market areas. Within these 
areas, the traffic was further divided into mileage blocks for the traffic 
over 4800 km (3000 s mi). The results of this projection are shown in 
Table 4. 


With each element of the matrix considered as a discrete market, 
calculations were made to determine the number of aircraft of various sizes 
required to satisfy projected demand in the year 2000. Each traffic figure 
was converted from annual to an average one-way daily average format, 
assuming each aircraft would operate at a 60% load factor, fleet sizes for 
200, 300, 400, 500, and 600 passenger aircraft were determined. 

Examining the discrete market data in 805 km (500 s mi) blocks, air- 
craft fleet requirements were determined. A summary of these data is given 
in Table 5. 


Perhaps the most striking feature of this table is the fact that for 
each of the five aircraft, the total fleet requirements drop sharply beyond 
11 260 km (7000 s mi). However, in view of the fact that Pan American is 
already providing scheduled nonstop service using a 747 SP under restricted 
load conditions in a 11 900 km (7 400 s mi) market (Sydney to San Francis- 
co), it was decided to examine more closely those markets involving 
distances of between 9650 and 12 870 km (6000 and 8000 s mi). 


At least eight major markets exist which involve distances slightly 
greater than 11 260 km (7000 s mi). Combined with the information con- 
tained in Table 5, this provides sufficient grounds for selecting a specif- 
ic LFC aircraft range requirement. Table 5 clearly shows that the aircraft 
should be capable of scheduled flights (including appropriate reserves) of 
at least 11 260 km (7000 s mi). The precise range figure should in fact be 
several hundred miles greater. The conclusion of this study is that the 
market requires a range of 12 038 km (7500 s mi). 


As shown in Table 6, projections of traffic in 2000 indicate that 
there will be 28 major markets involving distance between 9170 and 12 870 
km (5700 and 8000 s mi). Assuming a 60% load factor, all 28 markets would 
support at least one daily flight of a 200-passenger aircraft, 27 (96 per- 
cent) would support a 300-passenger aircraft, (86 percent) would support a 
400-passenger aircraft, 19 (68 percent) a 500-passenger aircraft, and 17 
(61 percent) would support a 600-passenger aircraft. 


The above figures clearly justify an aircraft with a capacity of at 
least 300 passengers. Considering the incentives to make the aircraft as 
large as practicable, a 400-passenger aircraft seems justifiied and is the 
recommendation of this study. 
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TABLE 5. TOTAL LONG-HAUL AIRCRAFT REQUIREMENTS FOR THE YEAR 2000 
BASED ON DAILY SERVICE AT 60% LOAD FACTOR 


Kilometers(OO) 
(Statute Miles) 


Aircraft 

Seating 

Capacity 


200 

300 

400 

500 

600 



' 




48-56 

(3000-3500) 

247 

165 

122 

97 

81 

56-64 

(3500-4000) 

315 

210 

156 

124 

104 

64-72 

(4000-4500) 

250 

165 

123 

97 

81 

72-80 

(4500-5000) 

190 

124 

93 

72 

61 

80-89 

(5000-5500) 

220 

145 

108 

85 

71 

89-97 

(5500-6000) 

181 

119 

89 

70 

59 

97-105 

(6000-6500) 

107 

70 

53 

41 

33 

105-113 

(6500-7000) 

134 

89 

65 

51 

44 

113-121 

(7000-7500) 

16 

10 

6 

5 

4 

121-129 

(7500-8000) 

9 

6 

3 

2 

2 

129-137 

(8000-8500) 

9 

4 

3 

2 

2 

137-145 

(8500-9000) 

12 

7 

5 

4- 

3 

145-153 

(9000-9500) 

7 

4 

3 

2 

2 

153+ 

(9500+) 

44 

29 

22 

17 

14 

TOTAL 

1 741 

1 147 

851 

669 

561 
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TABLE 6. POTENTIAL LONG RANGE MARKETS 


City-Pair 

BOM-NYC 

SYD-YVR 

LAX-SYD 

SFO-SYD 

DEL-NYD 

LAX-MNL 

HKG-LAX 

MEX-TYO 

MNL-SFO 

HKG-SFO 

NYC-TYO 

LON-SIN 

HNL-SIN 

MAD-TYO 

BKK-HNL 

LON-KUL 

AKL-LAX 

HKG-YVR 

CHI-TYO 

BUE-MAD 

LAX-SAO 

ROM-TYO 

BUE-LAX 

NYC-TEH 

GVA-TYO 

OSA-ROM 

PAR-TYO 

LON-HKG 


n.mi. 


6 763 
6 745 
6 508 
6 447 
6 343 

6 335 
6 284 
6 LOS 
6 058 
5 993 

5 869 
5 869 
5 826 
5 811 
5 718 

5 693 
5 658 
5 534 
5 463 
5 425 

5 351 
5 338 
5 314 
5 313 
5 292 

5 245 
5 237 
5 204 


km 

12 525 

12 492 

12 053 

11 940 

11 747 

11 732 

11 638 

11 306 

11 219 

11 099 

10 869 

10 869 

10 790 

10 762 

10 590 

10 543 

10 479 

10 249 

10 117 

10 047 

9 910 

9 886 

9 842 

9 840 

9 801 

9 714 

9 699 

9 638 
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To further verify these size and range requirements, a "bottom-up" 
approach was employed in which a list of city-pairs involving distances at 
or near the range figures described above was compiled. Using all avail- 
able sources of data, city-pair traffic volume estimates were made for 1975 
and 2000. A final LFC aircraft range requirement was selected and an air- 
craft size was chosen based on the projected traffic volume in the various 
city-pair markets at or near the selected maximum range. 

5.1.2 Mission Parameters 

Following is a summary of the results of the mission analysis: 


Design Range 12 038 km (7500 s mi, 6500 n mi) 

Cruise Speed M =0.80 - 0.85 


Capacity 


400 passengers 


Production Quantity 350 

Having determined the basic mission parameters for the 1990 LFC trans- 
port, the average stage length to be expected for actual airline operation 
was calculated using historical data for currently operational aircraft. 
The average stage length predicted for actual airline operation is 6112 km 
(3300 n mi) . 

5.1.3 LFC Mission Profile 

The recommended mission profile to be used in the design and analyses 
of the LFC airplane is the standard international flight profile for maxi- 
mum range and minimum fuel. This profile is depicted in Figure 6. 
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Figure 6. International flight profile 
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5.2 PARAMETRIC CONFIGURATION ANALYSES 


A conventional wide-body fuselage configuration, sized for 400 passen- 
gers and 16 874 kg (37 200 pounds) of belly cargo, was used for all para- 
metric analyses. The parametric configurations use two LFC suction units 
mounted in the fupelage near the wing root. A weight penalty of 6.786 
kg/m (1.39 lb/ft ) in addition to the basic structural weight is assumed 
for the areas where LFC suction is applied. Laminarized areas are approx- 
imately 75% of the exposed wing area and 65% of the exposed empennage area. 
Four fuselage-mounted engines are assumed for the parametric configura- 
tions . 

The following sweep/Mach number schedule was used for the basic study: 

Mach No. 0.70 0.75 0.80 0.85 

Sweep - rad (deg) 0 .258 (14.8) .436 (25.0) .549 (31.5) 

The results of the studies reported in Reference 5 were considered 
adequate for use in design decisions for an LFC configuration satisfying 
the mission requirements of this study. Consequently, these analyses were 
not repeated. 

5.2.1 Procedures 


The Lockheed Generalized Aircraft Sizing Program (GASP) was employed 
for all parametric configuration analyses. As the initial step in the 
analysis, eleven cruise-altitude/cruise-Mach number combinations were de- 
fined with cruise altitudes ranging from 10 973 to 13 411 m (36 000 to 44 
000 ft) and Mach numbers ranging from 0.70 to 0.85. 

Two phases were required to develop optimum configuration parameters 
for each cruise-altitude/cruise-M combination. In the firs^ phase, wing 

loading was varied from 415 to 610 kg/m (85 to 125 lb/ft ) and aspect 

ratio was varied from 10 to 14, to establish optimum configuration geometry 
independent of airport performance constraints. In the second phase, 

engine bypass ratio, cruise power ratio, and aspect ratio were varied 

parametrically to optimize airport performance for each configuration 
geometry. Engine bypass ratios ranging from 6.0 to 13.0 and cruise power 
ratios ranging from 0.70 to 0.90 were considered. The maximum cruise power 
setting was constrained to a value of 0.90 to assure satisfactory climb 
performance with LFC off to an altitude approaching the initial cruise 
altitude . 

Following are the primary criteria for selecting baseline candidates: 

(1) Near minimum direct operating cost for a 6112 km (3300 n mi) 
mission . 

(2) Moderate aspect ratio to assure sufficient LFC duct volume and 
provide adequate design flexibility. 

(3) Use of fuel volume in wing and wing center section. 
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(4) A moderate block fuel penalty at the basic design range of 12 038 

km (6500 n mi) . 

5.2.2 Parametric Results 


5.2.2. 1 Wing Geometry 

The important constraints for aircraft sized in this phase of the 
studies proved to be: 

(1) Wing volume available for fuel and LFC ducting. 

(2) The FAA field length limit of 3048 m (10 000 ft). 

Adequacy of the available fuel volume is best judged by examining the 
parameter "fuel volume ratio" for each aircraft sized. This parameter is 
the ratio of available fuel volume to that required to fly the 12 038 km 
(6500 n mi) mission with fuel reserves at constant altitude carrying 400 
passengers. Since the LFC duct volume required was not precisely known at 
the time the parametric studies were begun, a FVR (fuel volume ratio) of 

1.1 was chosen as a constraint to allow for a possible increase of required 
suction duct volume after more detailed analysis. Figure 7 gives FVR 
results for the basic matrix of aircraft sized for a cruise altitude of 12 
192 m (40 000 ft) and a cruise Mach number of 0.80. The FAA field length 
limit is superimposed to complete delineation of a boundry which defines 
wing loading/aspect ratio combinations which are excluded from 
consideration because of FVR and field length constraints. High wing 
loading and high aspect ratio are usually desirable for long-range aircraft 
from both a fuel usage and DOC standpoint. The optimum aircraft from this 
matrix thus might be expected to lie somewhere on the combined constraint 
boundary line. 

Figure 8 presents matrix results for FAA field lengths which were used 
in determining the field length constraint line for Figure 7. Note that 
for the constant cruise power ratio of 0.85 shown for the basic matrix, 
almost all aircraft not constrained by the fuel volume limit have field 
lengths less than the constraint of 3048 m (10 000 ft). Further refinement 
might therefore indicate that engine size could be slightly reduced, thus 
increasing cruise power setting to higher than 85 %. 

Figure 9 shows that the best DOC point does lie along the fuel/field 
length limit line at the intersection of the two limits. This intersection 
defines a tentative baseline selection with the following parameters: 


Cruise power ratio, 17 

Engine bypass ratio 
DOC 

Aspect ratio 
Wing loading 


CR 


0.85 

8.4 

.922 d/skm (1.485 d/ssm) 
12.7 

552 kg/m 2 (113 lb/ft 2 ) 
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.994 T (1 .60) 



Figure 9. Basic matrix DOC values 

Figure 9 also shows that only small penalties in DOC occur at lower 
aspect ratio to 11.6. Therefore, 11.6 was chosen as the aspect ratio for 
further baseline refinement. 


5. 2. 2. 2 Engine Parameters 


For the selected geometry, parametric configuration variations were 
conducted to evaluate changes in engine bypass ratio, cruise power ratio, 
and aspect ratio. Figure 10 presents FAA field length data for these 
studies with the fuel volume limit line superimposed to define the area of 
excluded options. The|e studies were run at a constant wing loading of 
551.7 kg/m (113 lb/ft ) and aspect ratio of 11.6. Note that the higher 
bypass ratios are preferred for this wing loading/aspect ratio combination. 
The DOC results of Figure 11 indicate that if the fuel line were ignored, 
implying a slight change in wing loading, a bypass ratio of 8.4 would 
produce a near minimum DOC. Since the engine for generation of all 
parametric engine data has this bypass ratio, it was chosen for the 
baseline aircraft in the example case. A slight adjustment of wing loading 
to 549.2 kg/m (112.5 lb/ft ) produced sufficient fuel volume and results 
in the following new parameters for the tentative baseline: 


Cruise power ratio, T7 CR 
Engine bypass ratio 
DOC 

Aspect ratio 
Wing loading 


0.88 


8.4 


.922 d/skm (1.485 d/ssm) 

11.6 

549.2 kg/m 2 (112.5 lb/ft 2 ) 


The DOC value is equal to the value previously determined for an 
aircraft with an aspect ratio of 12.7. 
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FAA FL 10 m (10 ft) 


rOO 



Figure 10. Field length variation with engine cruise 
power setting and bypass ratio 
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With the new tentative baseline, wing loading, aspect ratio and power 
setting were varied to define configurations meeting both fuel volume and 
field length requirements. Bypass ratio was held constant for these 
variations. Results presented in Figure 12 demonstrate that the aspect 
ratio 11.6 selection is a near-optimum choice for the DOC criterion and 
also meets the criterion for moderate aspect ratio. Note that at 
approximately AR = 11 the cruise power ratio limit of 0.90 is reached and 
further reductions in aspect ratio are now accompanied by engine power 
setting increases. This factor is significant in the increase of DOC noted 
for aspect ratios less than 11. The wing-fuel-only criterion has obviously 
been satisfied leaving only the question of block fuel performance to be 
answered. Figure 13 shows that, as might be suspected, the optimum DOC 
choice is not the optimum choice from a fuel usage viewpoint. Selection of 
an aspect ratio of 14 rather than 11.6 would result in a fuel savings of 
6 %. The technical risks of such a choice would be considerably greater, 
however, and the small portion of total flights to be flown at the maximum 
range with full passenger payload does not in itself justify choosing 
aspect ratio =14. At least for initial phases of the present studies, it 
was considered best to start with a lower -risk baseline choice of moderate 
aspect ratio and determine by future baseline perturbations if the higher 
aspect ratios are feasible. The tentative baseline selection noted by the 


W/S = 549 .2 kg/m ? (112.5 lb/ft 2 ) 



Figure 12. DOC sensitivity to change in aspect ratio 
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Figure 13. Block fuel sensitivity to aspect ratio 


symbol in Figures 12 and 13 was confirmed as the baseline candidate for a 
cruise Mach number of 0.80 and altitude of 12 192 m (40 000 ft). 

5.2.3 Configuration Selection 

The process just described was conducted for ten other cruise Mach 
number/altitude combinations selected from the baseline matrix. The 
summary results of optimization for all eleven combinations is presented in 
Table 7. 
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TABLE 7. BASELINE CANDIDATES 


Altitude DOC 


Sec 

m 

(fc) 

M 

^CR 

BPR 

t / skm 
(<£ /ssm) 

AR 

kg/m _ 

(Ib/ft ) 

1 

12 192 
(40 000) 

.70 

.90 

8 c 40 

.961 

(1.547) 

13.00 

571.2 

(117.0) 

2 

12 192 
(40,000) 

.75 

.90 

8 e 40 

.936 

(1.508) 

12.30 

556.5 

(114.0) 

3 

12 192 
(40 000) 

.80 

.88 

8.40 

.922 

(1.485) 

11.60 

549.2 

(112.5) 

4 

12 192 
(40 000) 

.85 

o 89 

8.40 

.916 

(1.475) 

10.50 

541.4 

(110.9) 

5 

10 973 
(36 000) 

.70 

.71 

8.40 

.936 

(1.508) 

13.00 

610.2 

(125.0) 

6 

10 973 
(36 000) 

.75 

.71 

8.40 

.920 

(1.482) 

11.80 

585.8 

(120.0) 

7 

10 973 
(36 000) 

c 80 

.71 

8.40 

.911 

(1.467) 

10.90 

576.1 

(118.0) 

8 

10 973 
(36 000) 

.85 

o 73 

8.40 

.905 

(1.458) 

9.50 

571.2 

(117.0) 

9 

13 411 
(44 000) 

.75 

.90 

8.40 

.999 

(1.608) 

14.00 

524.8 

(107.5) 

10 

13 411 
(44 000) 

.80 

.90 

8.40 

.990 

(1.594) 

14.00 

518.3 

(106.2) 

11' 

13 411 
(44 000) 

.85 

.90 

8.40 

.997 

(1.606) 

13.00 

516.0 

(105.7) 


In order to provide better visualization of the results of Table 7, 
DOC was plotted versus cruise Mach number for various altitudes and is 
presented in Figure 14, which shows that between M = 0.75 and M = 0.85, DOC 
varies less than 0.019 £/skm (0.03 d/ssm) for the two lowest altitudes. 
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Figure 14. Variation of DOC with cruise M 


The leading-edge sweep angle of 0.436 rad (25 deg) associated with M = 
0.80 is less critical from a leading-edge contamination standpoint than the 
sweep of .549 rad (31.5 deg) associated with M = 0.85. For this reason and 
others associated with the more severe design problems associated with 
compressibility effects, a cruise M = 0.80 appears to be a good choice for 
the baseline aircraft. 

The DOC advantage of the 10 973 m (36 000 ft) cruise altitude is also 
less than 0.019 d/skm (0.03 d/ssm) as compared to the 12 192 m (40 000 ft) 
cruise altitude for the range of cruise M considered. However, as illus- 
trated by Figure 15, higher altitudes suffer progressively greater DOC 
penalties. Since the lower unit Reynolds number associated with increasing 
altitude is beneficial to LFC because of its influence in reducing sensi- 
tivity to surface imperfections, an altitude of 12 192 m (40 000 ft) 
appears to be a reasonable compromise choice of altitude for the baseline 
aircraft . 

The final selected baseline is thus the case previously described in 
detail and summarized by the row of data labeled Set 3 in Table 7. 
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Figure 15. DOC variation with altitude 


5.3 CONFIGURATION DEFINITION 

The parametric configuration analyses of the preceding section estab- 
lish a basis for the detailed development of a baseline LFC configuration 
and supporting systems. The baseline configuration described in this sec- 
tion was established as a point of departure for the evaluation of alterna- 
tive LFC system concepts leading to the final study aircraft configuration. 
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The baseline LFC configuration is shown in Figure 16. This airplane is 
a wide-body configuration designed to carry 402 passengers and baggage over 
an intercontinental range of 12 038 km (6500 n mi) at M = 0.80 with ade- 
quate fuel to account for adverse winds, intermittent LFC disruptions due 
to atmospheric conditions at cruise altitude, and normal international fuel 
reserves. 
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Figure 16. General arrangement 
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A typical cabin arrangement, shown in Figure 17, was developed for the 
purpose of sizing the fuselage. This arrangement accommodates a 10/90 
passenger mix, with 40 in first class and 362 in tourist class cabins. 
Space allowances are made for galleys, lavatories, closets, cabin crew 
provisions, and rest areas for flight crews as dictated by FAR Part 121.485 
for flights of more than 12 hours duration. Space for LD-3 cargo 
containers is provided forward of the wing box and aft of the main landing 
gear bay. A bulk cargo bay is also provided at the rear of the pressurized 
belly. These cargo bays accommodate 16 874 kg (37 000 lb) of cargo. 

As shown in Figure 16, the baseline is a low-wing T-tail monoplane 
with four aft-fuselage mounted propulsion engines. An independently-driven 
LFC suction unit is located in a fairing under each wing root. The wing 
has a moderate sweep of 0.436 rad (25 ) at the leading edge with an aspect 
ratio of 11.6. Full-span flaps, including drooped ailerons, provide the 
required airport performance. Leading-edge high-lift devices are not 
required. Partial span spoilers are incorporated. Small-chord secondary 
flaps incorporated into the main flaps provide upper-surface pressure 
gradient and shock position control for off-design operation and serve as 
active controls to minimize structural requirements. The wing and 
empennage surfaces are laminarized to 75% and 65% chord, respectively. A 
combination cleaning/deicing system is incorporated in the leading-edge 
region of laminarized surfaces. 

Table 8 summarizes the characteristics of the baseline configuration. 


Fit station - 
Crew of 3 plus 
relief crew 


Cobin crew area 


Total capacity 
402 pax 



-First class cabin - 
40 seats 


uuumuu 

BBBBBQI 


-Tourist class cabin No« 1 
ICO seats 


m 


BU 


OflRRRRRRR rnnn nnnnnnnnnn qflmnR 


none 

8 


nn 

0 

0 


uuuuu 


081 


-Tourist class cabin No„ 2 - 
182 seats 


n 

ru 


[ 



L_D 


EJEMUmtJ 


B0B 


n nm m F m m m B 



Constant section - 



Section AA 


r A 




1 

n 

1 

<T” 

_// 1 1 | oooooono ooooonnonoo 

0 O (1 0 

n o 

0 

iiuouooounonoooo 





zn:_Li_ 

it 


.o 

l LiLvii 


Figure 17. Inboard profile 
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TABLE 8. BASELINE CONFIGURATION CHARACTERISTICS 


Item 

Gross Weight 
Operating Weight 
Block Fuel 
Reserve Fuel 

Wing Area 
Aspect Ratio 
Thickness Ratio 
L. E. Sweep 
Horizontal Tail Area 
Vertical Tail Area 
Body Length/Diameter 
Engines (4-STF477 )-SLST 

OW/GW 

Payload/GW 

T/W 

W/S 

TOFL 

V 

APP 


Value 


257 174 kg 

(566 961 lb) 

124 054 kg 

(273 488 lb) 

80 213 kg 

(176 837 lb) 

14 441 kg 

( 31 836 lb) 

452 . 8m 2 

(4874 ft 2 ) . 


11.6 


0.122 

.436 rad 

(25°) 

41.2m 2 

(444 ft 2 ) 

50.0m 2 

(539 ft 2 ) 

75 .0m/6 . 45m 

(246 ft/254 in) 

151 kN 

( 33 978 lb) 


0.482 


0.150 


0.230 

566.3 kg/m 2 

(116 lb/ft 2 ) 

3046 . 5m 

(9995 ft) 

264.3 km/hr 

(143 kn) 


41 


6.0 CONCEPT EVALUATION 


The predominant effort in this study was devoted to the evaluation of 
options available for the design and development of future LFC commercial 
transport aircraft. The evaluation of these options included analytical 
investigations, design studies, and subsystem testing to evaluate altern- 
ative concepts in the following areas: 

(1) Aerodynamics 

(2) Structures and materials 

(3) Suction systems 

(4) Leading-edge region cleaning 

(5) Integration of auxiliary systems 

This section summarizes the results of these concept evaluation activ- 
ities and defines the characteristics of systems selected for integration 
into the final study configuration. 

6.1 AERODYNAMICS 

6.1.1 Design Objectives 

The aerodynamic design objectives for the LFC aircraft wing were: 

(1) Low shock loss and minimum drag 

(2) Straight isobars for wing 

(3) Low cross-flow except near wing leading edge 

(4) Low attachment line Reynolds number (R^ ^ ) values 

(5) Minimum overall suction level 

(6) Good off-design performance 

(7) Good LFC-off performance 

(8) Adequate aircraft maneuverability 

(9) Adequate high-lift performance without leading-edge devices. 

6.1.2 Airfoil/Boundary Layer Analysis 


Initially, this section on airfoil analysis and design describes the 
baseline airfoil developed as a part of the previous systems study of 
Reference 5. Subsequently, the initial design variations and problems en- 
countered in the selection of an interim baseline airfoil are detailed. 
Next, crossflow stability studies which led to further airfoil changes are 
detailed. In conclusion, selection of the final baseline airfoil, desig- 
nated AF11-12, is summarized. 
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6. 1.2.1 Definition of Original Baseline Airfoil 

Design of an airfoil section for LFC application was initiated in the 
system study reported in Reference 5. This original airfoil and pressure 
distribution shown in Figure 18 exhibited some characteristics which were 
less than optimum, but formed an initial baseline for further development. 

The original baseline airfoil was derived using totally subsonic theory 
and design point pressure distribution checked for the design point Mach 
number and lift using the transonic airfoil program (TAP) described in 
Reference 13. From these data, the following potential improvements were 
identified : 

(1) Aft movement of shock position and reduction of shock strength. 
Aft movement of the shock was essential since presence of the shock 
in a laminarized region might cause transition. Laminarization to 
at least 75% chord was desired, therefore a shock forward of this 
location would be undesirable, if not unacceptable. A reduction in 
shock strength on the initial airfoil was also required because the 
supercritical pressure and distribution on the baseline airfoil 
upper surface terminated in too strong a shock, particularly at the 
higher lift coefficients and higher Mach numbers. A reduction in 
shock strength also provided a more favorable distribution for the 
initially proposed chordwise ducting arrangement. 

(2) Refinement of secondary flap. Refinement of the active control 
secondary flap to provide pressure gradient and shock position 
control for off-design operation is an essential item to provide 
relatively stable laminar flow control during off-design operation 
over a range of altitudes, Mach numbers, and lift coefficients 
while providing good lift control capability for load alleviation 
and correction of adverse stability effects due to sudden de- 
laminarization. 

(3) Favorable pressure gradients for chordwise ducting. 

(4) Reduction of non-dimensional leading-edge radius. 

(5) Simplification of airfoil shape. 

6. 1.2. 2 Interim Baseline Airfoil 

Considerable design and analysis effort was devoted toward establishing 
an interim airfoil which would incorporate the desired potential improve- 
ments identified for the original baseline airfoil. A number of design 
pressure distributions and wake profiles were tried in the Carlson design 
program (Ref. 14). The resulting airfoils generally exhibited undesirably 
thick trailing edges. Analyses required to decrease the trailing-edge 
thickness were performed and the resulting pressure distributions were 
calculated using the transonic airfoil program (TAP). Changes to the con- 
tour in the region of the shock were investigated, the airfoil was thinned 
by factoring the lower surface ordinates back to 90% chord and fairing into 
the existing airfoil contour, and finally, the upper surface leading edge 
was refaired. The airfoil, AF7C6-3B4, was chosen as the interim baseline 
LFC airfoil since it approximated the design pressure distribution and 
exhibited a fairly low shock strength. Figure 19 shows this interim air- 
foil and the resulting pressure distribution. 
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Figure 18. Original baseline Airfoil pressure distribution 
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LFC AF7C6-3B4 Airfoil 




Figure 19. Interim baseline Airfoil pressure distribution 


6. 1.2. 3 Boundary Layer Analysis on Interim Baseline Airfoil 

With the development of airfoil AF7C6-3B4, which produced the desired 
design pressure distribution, boundary layer studies were initiated. These 
studies utilized the Kaups/Cebeci boundary layer code of Reference 15 and 
the original Srokowski and Orszag stability code, "SALLY," Reference 16. 
The prime investigation concentrated on the effect of crossflow, but final 
checks were also made for Tollmien-Schlichting instability. Tollmien- 
Schlichting calculations were made using a stability code developed under 
Lockheed funding. All the calculations for the crossflow N factor were 
done for a frequency of 0.5 Hz. Calculations for Tollmien-Schlichting 
instability were done for frequencies ranging from 1000 to 8000 Hz. 

The parametric mass flow distribution shown in Figure 20 was used in 
these calculations. The TAP 2-D pressure distributions and the effective 
airfoil contour were factored, using a modified simple sweep theory, for 
input into the boundary layer program. 



Lower surface s/c Upper surface 


Figure 20. Parametric mass flow suction level 
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Shown in Figure 21 are three representative upper-surface pressure 
distributions for airfoil AF7C6-3B4. They are: 

(1) Basic distribution for C = 0.75 at the nominal secondary flap 
setting of .035 rad (2°). 

(2) The basic distribution altered to an unfavorable gradient over most 
of the chord while maintaining approximately the same lift. 

(3) A distribution for = 0.40 with a secondary flap setting of -.070 
rad (-4 ). This is representative of an end-of-cruise condition. 

As seen in Figure 22, none of these distributions exceed the acceptable 
disturbance N factor level of 1 1 . A major effect noted is the correlation 
between the location on the airfoil where the pressure gradient reduces 
from the initial extremely negative gradient and the location where the 
disturbance N factor begins to level off from the initial steep rise. Thus 
the location at which the airfoil initial negative gradient is alleviated 
is a prime factor in determining where the rapid increase in the N factor 
is alleviated. This observation leads to the conclusion that very high 
initial flow acceleration from the stagnation point is particularly 
favorable for the baseline pressure distribution, a conclusion which 
appears to be true in the general case. 

LFC AF7C6-3B4 Airfoil 
M = .745 
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LFC AF7C6-3B4 Airfoil 



When the sensitivity study on the lower surface began, it was imme- 
diately evident that the disturbance N factor level was far too high. The 
basic lower surface pressure distribution for = 0.75 and an alternate 
distribution for = 0.40 are presented in Figure 23. Figure 24 presents 
the N factors for both pressure distributions for parametric suction 
levels. The basic = 0.75 distribution has extremely high N factors, 
while the = 0.40 distribution is just above the acceptable level. This 
again demonstrates the trend observed on the upper surface that the sooner 
the leading edge negative pressure gradient is alleviated, the lower the N 
factor will be. 

In order to prevent lower surface boundary layer instabilities from 
developing, it was necessary to find a way of reducing the lower surface 
disturbance N factor to an acceptable level, therefore a Lockheed computer 
program based on "a” mean-line theory was utilized to alter the lower 
surface contour. This airfoil, AF10-3, and the resulting surface pressure 
distributions are presented in Figure 25. The AF10-3 airfoil and pressure 
distribution, when analyzed with parametric suction levels, decreased the 
disturbance N factor from that for the AF7C6-3B4 airfoil, but a further 
decrease was needed. In order to decrease the N factor below the maximum 
acceptable level of 11, the lower-surface suction was increased as 
indicated in Figure 26. Sensitivity studies provided very acceptable 
guidelines in establishing the new suction distribution. The resulting 
crossflow disturbance N factor, for the upper and lower surfaces of airfoil 
AF10-3, are presented in Figure 27. These calculations were done for a 
frequency of 0.5 Hz, which has been shown to be critical for crossflow 
instabilities . 

A study of Tollmien-Schlichting type instabilities for airfoil AF10-3 
was performed using a stability code, similar to SALLY, developed at Lock- 
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LFC AF7C6-3B4 Airfoil 



Figure 23. Lower surface pressure disfribufions 


LFC AF7C6- 3B4 Airfoil 



Figure 24. Lower surface disturbance N factors 
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LFC AF10-3 Airfoil 


8 f = .035 rod (2°) 



Figure 25. Interim Airfoil pressure distribution 
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N factor 


.0005 



LFC AF10-3 Airfoil 
6 f = .035 rad (2°) 
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heed. The results of this study indicated that there are no areas of 
instability over the lower surface for disturbance frequencies ranging from 
1000 Hz to 8000 Hz. On the upper surface, for the same range of frequen- 
cies, only minimal effects were found. The largest N factor calculated was 
2.6 at a frequency of 4500 Hz. Figure 28 presents the envelope of dis- 
turbance frequency influence for Tollmien-Schlichting instabilities. 

AF10-3 airfoil thus has an acceptable pressure distribution and a 
moderate shock strength. This airfoil would have been chosen as the final 

baseline airfoil, but results from the LFC high-speed wind tunnel test, 

discussed in the next section, indicated that the aft pressure gradient 
should be reduced. 

6. 1.2. 4 Airfoil High-Speed Wind-Tunnel Testing 

As part of Lockheed-funded research and development, a 2-D airfoil 
model was build and tested at high subsonic speeds in the Lockheed Com- 

pressible Flow Wind Tunnel. Model geometry was that of the LFC AF7C6-3B4 
Airfoil described in Section 6. 1.2.2. Although the airfoil was designed 
for the use of suction to maintain a laminar boundary layer, no provision 
for applying suction to the model was made. The model had a 17.78 cm (7 
in) chord. Upper and lower surface pressure orifices were included to 
record pressure distributions. The 10* chord secondary flap had brackets 
to set deflections of 0, .035, .105, and -.070 rad (0, 2, 6 and -4 

degrees). Figure 29 shows the model mounted in the tunnel. 

The test objectives were to: 

(1) Obtain initial data on an advanced supercritical airfoil designed 
for laminar flow control. 

(2) Verify theoretical estimates of pressure distributions. 

(3) Establish whether steep adverse pressure gradients on the aft 
portion of the airfoil can be attained without causing excessive 
boundary layer thickness or flow separation problems. 

(4) Determine secondary control flap effectiveness. 

(5) Establish initial drag levels in the turbulent condition. 

Test results indicated that: 

(1) TAP needs improvement for design work in the treatment of the re- 
lation of the 2-D section on an unswept, untapered planform to a 
more realistic case of flow over a 2-D section with an approxi- 
mation of sweep and taper effects. 

(2) The airfoil trailing edge boundary layer is too thick. 

(3) Model contour problems exist at the joints. 

(4) The airfoil aft contour may need revision. 
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LFC AF10-3 Airfoil 
Upper surface 
5 f = .035 rad (2°) 



Figure 28. Tollmien-Schlichting instability envelope 
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6. 1.2. 5 Final Baseline Airfoil Design and Boundary Layer Analysis 

As a result of wind tunnel test results and additional analytical work, 
the following goals were established for the design of the final baseline 
airfoil : 

(1) Elimination of stagnation zone suction. 

(2) Adjustment of trailing edge pressure recovery. 

(3) Reduction of shock strength. 

(4) Refinement of secondary flap. 

(5) Adjustment of section shapes for 3-D wing design. 

Stratford incipient separation pressure distributions (Ref. 17) were 
used as a guide to determine a reasonable design pressure distribution with 
a reduced gradient over the aft portion of the airfoil. Changes to the 
airfoil to produce the desired pressures were calculated using the "a" 
mean-line theory program. The deflection of the aft flap was then changed 
to alter the shock position and strength. These design changes were con- 
ducted with some doubt still remaining concerning the theoretical calcula- 
tion of the boundary layer and pressure characteristics near the airfoil 
trailing edge. These design perturbations resulted in the final baseline 
airfoil AF11-12, which is shown in Figure 30. The design pressure distri- 
bution for this airfoil is shown in Figure 31. This pressure distribution 
does show some relief of the aft gradient and a reduction in the shock 
strength when compared to the interim airfoil pressure distribution shown 
in Figure 25. 

For the boundary layer analysis calculations on the final baseline 
airfoil, the suction distribution was revised to eliminate suction near the 
airfoil nose. This revision was made to accommodate the leading-edge 
cleaning system. The revised suction distribution, referred to as the 
January 1979 suction, is compared to the June 1978 suction in Figure 32. 
Figure 33 presents a comparison of the lower surface N factors for the 
January 1979 suction with the N factors for the June 1978 suction and zero 
suction levels. It is evident that the January 1979 suction level results 
in an acceptable N factor level. The upper surface N factors for the 
January 1979 suction, which are shown in Figure 34, also have an acceptable 
level. Airfoil AF11-12 was thus chosen for the LFC baseline airfoil and 
meets the revised design goals listed in Section 6. 1.2.5. 

* 6.1,3 Wing Analysis and Desig n 

This section presents the design and analyses of the interim and final 
baseline LFC wing. Inviscid transonic solutions were obtained for the 

interim wing using the Bailey-Ball ha us 3 Transonic Wing Program (TWP)CRef. 
18). To approximate viscous effects, the final baseline wing was lofted 
using "fluid" sections. A "fluid airfoil" is formed by the addition of the 
boundary-layer displacement thickness to the basic airfoil ordinates. This 
loft was based on airfoil AF10-3, since the AF 11—12 section was developed 
subsequent to the time at which the final baseline wing was analyzed. The 
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Figure 30. LFC Airfoil A F 1 1 — 12 




Lower surface s/c Upper surface 

Figure 32. Revised suction distribution 


56 


Crossflow N factor N factor 


No suction 




Figure 34. Final baseline LFC Airfoil upper surface crossflow N factors 
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overall three-dimensional effects under study were known to be not greatly 
affected by the slight changes to the airfoil sections. 


6. 1.3.1 Interim Wing Design 


With the development of the interim airfoil, AF7C6-3B4, and a modified 
version for a root section, the interim wing loft was made using the Lock- 
heed LSPREP computer program. The LFC wing may require somewhat unconven- 
tional lofting techniques. In determining interim wing geometry, the 
various loft panels under consideration are illustrated in Figure 35. 
Separate loft techniques need not be applied to each individual panel. The 
initial loft was accomplished using a linear element loft along constant- 
percent chord lines of the unbatted wing over the regions 1, IB, 2, 2B, 3, 
5 and 5B. In the batted region, 4, the elements are fanned out from the 
break station inboard to the side of the body. 


C Airplane 


- Side of body 


306 b/2 


line . 



Rear spar - .75 Z 


Areas (T) and (nj) combined in 

one loft along constant basic wing 
percent chord lines. 

Areas ( 2 ^ and (2B) combined in 

one loft along constant basic wing 
percent ctjord lines c 
Areas (5^ and (5B) combined in 

one loft along constant basic wing 
percent chord lines or broken into 
constant chordwise increments plus 
fanned out portion to rear of dotted 


Front spar - .25 Z 
Figure 35. Wing loft regions 
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The interactive effects of the fuselage and wheelwell fairing on the 

wing root required initial analysis by the Lockheed 2-D wing root analysis 
program WPRESS. This analysis program considers the subsonic effects of 
body overpressures and the unsweeping of isobars near the fuselage to 
predict the root pressure distribution for subsonic flows. Fuselage and 
wheelwell fairing overpressures were calculated using the Lockheed version 
of the Hess Aerodynamic Interference Program (AIP) and a Lockheed dis- 
tributed surface vorticity program. These fuselage overpressures , root 
airfoil ordinates, and planform characteristics are then input into the 

WPRESS program to obtain root pressure distributions. The predicted 
interim wing root section pressure distribution is shown in Figure 36. The 
loft program, LSPREP, was modified to output data in the form required for 
direct input to the Lockheed lifting surface program, L7. The span loading 
and span efficiency calculations of L7 provided feedback into the twist 

distribution and aft control flap distribution for wing lofting by LSPREP. 
Typical results of this process are shown for span lift coefficient in 

Figure 37. 

M =0.80 
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M = 0.8 


C L =0.65 


a 

rad (deg) 

No flaps 0.046 (2.634) 0.956 

With flaps 0.028 (1.583) 0.949 



Figure 37. Span lift coefficient distribution and flap schedule 


After the effects of most of the wing design variables were quantified 
using available low-cost analysis tools, preparations for full 3-D tran- 
sonic wing analysis were begun. The Bailey-Ballhaus 3 code, was selected 
for the transonic analysis of the interim wing with geometry determined by 
the initial loft techniques described. The input deck was prepared as a 
direct output of the loft program, LSPREP. This allows the best geometric 
representation of wings which may have a somewhat unusual loft due to the 
various concessions for suction system and manufacturing simplicity. The 
results reflect several runs in which the computational grid was succes- 
sively modified to improve convergence and accuracy. The span load 
distribution for the cruise condition, as predicted by the Trasnonic Wing 
Program, is shown in Figure 33. The two fluctuations in the distribution 
near 20% and 60% chord probably occur because the transonic solution is not 
fully converged at 300 iterations, but appear fairly well smoothed out by 
400 iterations. Similar data are presented in Figure 39 for the spanwise 
distribution of lift coefficient. 

The transonic pressure distributions obtained from the 3-D solution 
were based on inviscid flow with an unconservative assumption relating to 
conservation of mass. A first order correction for boundary layer effects 
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M 

~=0.8 a pRL = .017 rad (1°) 


Theory: Bailey Bal lhaus-3 



was included, however, in the 3-D solution by deflecting the aft flap up 
.035 rad (2; for the entire outboard wing. This correction is a good 
approximation of the predicted boundary layer effect except in the region 
immediately aft of the shock. The calculated root pressure distribution is 
shown in Figure 40. 

The analysis indicated the following changes should be incorporated 
into the next wing loft: 

(1) Increase root twist angle relative to outboard wing twist angles to 
pick up inboard loading slightly. 

(2) Modify the root upper surface to reduce the indicated shock 
strength, and produce better isobar patterns for the inboard wing 
region. 

(3) Include the boundary layer obtained from 2-D solutions to obtain an 
equivalent fluid airfoil input for the 3-D inviscid transonic 
program. 

(4) Define a preliminary swept tip to straighten tip isobars. 

(5) Include an aft flap deflection schedule to tailor the span load 
distributions as required. 
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Figure 39. Transonic wing program span lift distribution 


6. 1.3. 2 Baseline Wing Design 

A series of modifications to the root section were made to produce the 
desired pressure distribution. The modifications were performed using the 
Lockheed "a" mean-line program and the 2-D Transonic Airfoil Program (TAP). 
Previous Lockheed efforts have demonstrated the validity of this approach 
by showing the excellent correlation between 2-D and 3-D pressure distribu- 
tions. Modifications to reduce the shock resulted in the baseline root 
section. Root 3-30. The design point pressure distribution for this 
section is illustrated in Figure 41. 

Because the Bailey-Ballhous Transonic Wing Program (TWP) uses inviscid 
theory, TAP was used to calculate boundary layer thicknesses at the design 
cruise point for the root, break, and tip sections. These boundary layer 
thicknesses were added to the Root 3-30 root section, and to the AF10-3 
sections at the break and tip stations to produce fluid sections, which 
were then factored to streamwise ordinates. The fluid airfoils computed at 
the root, break station and tip were subsequently lofted to obtain a 
fluid wing referred to as the fluid loft 8 wing. By examination of pre- 
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Figure 40. 


Transonic wing program root pressure distribution 


vious data and additional estimations of the aft flap effectiveness, a new 
wing definition was developed. The resultant twist schedule is given in 
Figure 42. A new spanwise schedule for aft flap deflection to tailor the 
span load distribution is shown in Figure 43. Figures 44 through 46 
illustrate span loading, span lift coefficient, and pressure distribution 
results from TWP for the fluid LFC final baseline wing. The results 
indicate that the changes in aft flap schedule and twist schedule are 
effective in altering span-load distribution, shock strength and location. 
The overall wing isobar pattern is thus significantly altered. Additional 
design perturbations would be required, however, to produce a more 
satisfactory wing. 
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Figure 41. TAP wing root pressure distribution 


Note in Figure 46, for example, that design problems still exist in the 
mid-semi-span region of the wing because of the aft position of existing 
shocks. This aft position would result in excessive shock wave drag and 
also would probably cause boundary layer separation problems in the trail- 
ing edge region because of resultant high pressure gradients. It should be 
pointed out, however, that the 3-D wing definition always tends to lag in 
time the 2-D airfoil definition exercises. In this case, the airfoil 
AF10-3 used in LFC Fluid Wing Loft 0 had been superseded by AF11-12, as 
discussed in Section 6.1.2. Changes to the twist schedule and flap 

schedule of Fluid Wing Loft 8 were included in a new wing loft incor- 
porating AF11-12, accomplished as part of the DC-9 validator study, which 
is detailed in Section 8.2. 
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Semi -span station, 1) 

Figure 43. LFC baseline wing aft flap deflection schedule 


This validator wing reduces the shock problems in the mid-span region 
of the Fluid Loft 8 wing. Although the DC-9 validator wing is smaller than 
the 1993 aircraft wing, the changes made to the Fluid Loft 8 wing to 
produce the DC-9 validator wing illustrate that a satisfactory 1993 air- 
craft wing can be designed using the Fluid Loft 8 wing as a starting point. 
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Semispan statfon, ^ 

Figure 44. LFC baseline wing span loading distribution 



Semispan station, V 

Figure 45. LFC baseline wing spanwise variation of lift coefficient 


6.1.4 High-Lift System Development 

The baseline high-lift system was analyzed to: 

(1) Verify that parametric program aerodynamic characteristics esti- 
mates for the high-lift system were sufficiently accurate for base- 
line configuration optimizations. 

(2) Provide data for baseline configuration optimization corrections, 
if" necessary. 

(3) Define the scheduling of deflections of the high-lift devices which 
best satisfies both performance and stability and control require- 
ments . 
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The analyses of the baseline takeoff and landing high-lift system veri- 
fied the predicted levels of the parametric sizing program, GASP. As a con- 
sequence, it was verified that the baseline airplane can operate from a 
3048 m (10 000 ft) field without a leading-edge device. The final baseline 
airplane uses .052 rad (3 ) higher flap deflections for takeoff than de- 
scribed in Section 6. 1.4.1 as the takeoff flap configuration. This adjust- 
ment was necessary because of small configuration changes to the final 
baseline . 
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6. 1.4.1 Clean Wing and Takeoff Flaps 

The predicted clean wing lift characteristics through stall are shown 
in Figure 47. Also illustrated in Figure 47 are the lift characteristics 
with takeoff flaps, nominally .436 rad (25 ), and varying amounts of 
aileron droop. The effect of deflecting the two-segment aileron or 
outboard flap is shown for three possible cases: (1) both segments not 

deflected, (2) inboard segment deflected with outboard undeflected, and (3) 
both segments deflected. In the last case of full-span flap deflection, 
the two flap segments inboard on the batted portion of wing were deflected 
an additional .087 rad (5 ). 



Figure 47. High lift- characteristics - clean wing and effect of aileron 
droop with takeoff flaps 
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The span-load distributions for each of the above conditions are shown 
in Figure 48 at .175 rad (10 ) angle of attack to illustrate the effects of 
aileron droop. This angle of attack is representative of the lift-off and 
climb-out phases of takeoff. 

The clean-wing load distributions through stall are given in Figure 49. 

Note that the stall begins near mid-semi-span and progresses outboard. 
Similar data are presented in Figure 50 for the configuration with takeoff 
flaps and undeflected ailerons. The span-load distributions indicate an 
outboard initiation of stall. Such a character isic is undesirable both 
from the standpoints of maximum lift achievable and undesirable stability 
and control near stall. 

For the case of full-span takeoff flaps, Q the lift curve sloge given in 
Figure 47 indicates a break between .227 (13°) and .244 rad (14 ) angle of 
attack, prior to the wing stall at about .262 rad (15 ). The span-load 
distributions through this break are shown in Figure 51. These data 
indicate an initial stall near the 70% semi-span station. This initial 
stall alters the loading, but allows the inboard flap to continue to build 
up load to the point of an inboard stall over the batted region of the 
wing, as shown in Figure 52. Note that the outboard flap/aileron segment 
(approximately 81% to 95% semi-span) appears to maintain attached flow well 
into the stall. Based on the above observations and theoretical force and 
moment results, this configuration should be less likely to exhibit unde- 
sirable pitch-up or roll-off near . 

Further refinement of the takeoff flap schedule was made to eliminate 
the break in the lift curve prior to full wing stall, as depicted in Figure 
53. The outboard slotted flap segment ^approximately 58% to 68% semi-span) 
was retracted slightly to .384 rad (22 ) deflection to blend aerodynamic- 
ally with the unslotted simple-hinge flap/aileron of the outboard two seg- 
ments. The resultant smoothing of the lift curve is shown by comparison of 
Figure 53 with Figure 47. A small increase in maximum lift is also indi- 
cated and any pitch-up or roll-off tendencies near stall are further re- 
duced . 


6. 1.4. 2 Landing Flaps 

A brief study was also conducted to determine the effectiveness of the 
landing flaps. The initial flap schedule consisted of .873 rad (50 ) 
deflection for the two segments on the batted portion of the wing, .698 rad 
(40 ) deflection for the three segments from the break station at 30% 
semi-span out to 58% semi-span, .524 rad (30 ) deflection for the next 
slotted flap segment, and .262 rad (15 ) deflection for the two outboard 
simple-hinge plain flap segments. The lift curve for this initial 

schedule, shown in Figure 54, indicates two breaks prior to stall where 
local stall and resultant load relief result. Three-dimensional viscous 
effects, not fully considered in the theory, would tend to smooth the curve 
as indicated by the dashed line. Lift data with a refined flap schedule for 
the landing configuration, shown in Figure 55, indicate that the pre-stall 
lift breaks can be eliminated without loss in maximum lift. 
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,436 rad (25°) flaps 



Figure 48. Comparison of span loading for clean wing and varying aileron 
droop with takeoff flaps, 5 = 10° 
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Figure 49. Clean wing span load distribution at stall 
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Figure 50 . Span load distribution at stall, takeoff flaps, aileron undeflected 
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3.2 


/-"X 


5 f = .5 24/. 436 rad (30 /25 ) 
i/o 



Figure 51* Span lead distribution at initial lift curve brake, takeoff flaps, 
aileron droop 



Takeoff flaps/droop aileron 
5 f , rad (deg) = 

.524/ . 524/ . 436/ .436/ .436/* 384/ . 436 / ,436 




Figure 53. High lift characteristics - refined takeoff flap schedule 
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Figure 54. High lift characteristics - landing flaps, moderate aileron droop 



Figure 55. High lift characteristics - landing flaps, full aileron droop 
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6. 1.4. 3 Sensitivity of Study Configurations to High-Lift System Technology 
Level 

The selection of a high-lift system without leading-edge devices may 
appear to be dependent upon achievement of levels which are 

questionably high, based on rational analysis of X leading-edge flow 
conditions near stall. Present levels of two-dimensional and three 
dimensional have been derived on the basis of sound engineering 

analysis. However, failure to achieve the predicted CL levels does not 

preclude the selection of a configuration without leac^mg-edge devices. 
Table 9 shows the results of a study of the effect of C, Max level on con- 
figuration sizing and parameter selection for the following a cases : 

Configuration (1) - Baseline Case 

Configuration (2) - Baseline Case with AC, = -0.30 (C, = 1.89) 

L Max L Max 

Configuration (3) - Baseline Case with AC = -0.15 (C^ ^ = 1.94), 

and increased engine thrust ax 

Configuration (4) - Baseline Case with AC, = -0.15 (C, „ = 2.02), 

. . L Max L Max 

and increased wing area 

Configuration (5) - Baseline Case with A 

and increased engine 


'l Max = -°- 30 (C L Max = 1 ' 85) * 
thrust 


With the exception of configuration (2), which has a field length require- 
ment of 3727 m (12 230 ft), all of these configurations satisfy the 3048 m 
(10 000 ft) field length requirement. Note that alternative thrust and 
wing area combinations can be easily found for substantially lower C^ ^ 
levels which cause only relatively minor block fuel penalties. D.0.S? 
penalties would be correspondingly small. Configuration (5) is considered 
to be a very pessimistic assessment; however, achievement of the lower 
level of high-lift system performance indicated in the study would not 
result in the need for a major configuration change and choice of no 
leading-edge devices is not invalidated by moderately lower C^ levels. 

6. 1.4. 4 Suranary of High-Lift Analysis 


The span load distributions for the operational lift levels at lift-off 
and approach conditions are given in Figure 56. Predicted vortex drag 
efficiency factors, "e", are also indicated. C Mgx and drag predictions 
for these configurations verify that initial GASP predictions for a high- 
lift system with no leading-edge devices can be achieved with the baseline 
high-lift system. Further study of the baseline high-lift system per- 
formance or stability and control characteristics would be justified only 
when an experimental development program is initiated. 

6.1.5 Stability and Control 

Stability and control for the LFC baseline aircraft has been studied 
sufficiently to ensure that technical problems peculiar to the use of LFC 
will be amenable to solution using technology available by 1990. In de- 
riving the basic design concepts for both the LFC baseline and the compara- 
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avg 


TABLE 9, EFFECT OF C. ON CONFIGURATION SIZING 

L Max 

Wing 


Conf igurat ion 

Basic 

^Max 

CO 

5to 

rad 

(deg) 

Take-off 
We ighc 
kg 
(lb) 

Area 

2 

m 

(ft 2 ) 

Thrust 

Engine 

N 

(lb) 

Block 
Fue l 
kg 
(lb) 

.7. Change 
In Block 
Fuel 

Approach 

Speed 

km/hr 

(kn) 

(1) 

0 

2.15 

0.576 

271 192 

495 

155 430 

83 137 

_ 

256 




(33) 

(597 867) 

(5333) 

(34 944) 

(183 283) 

- 

(138) 

(2) 

-0.30 

1.89 

0.611 

271 192 

495 

155 430 

83 137 

- 

272 




(35) 

(597 867) 

(5333) 

(34 944) 

(183 283) 


(147) 

(3) 

-0.15 

1.94 

0.524 

273 900 

501 

166 698 

83 794 


263 




(30) 

(603 836) 

(5391) 

(37 477) 

(184 731) 

♦0.80 

(142) 

(4) 

-0.15 

2.02 

0.576 

276 954 

551 

155 067 

84 536 


250 




(33) 

(610 569) 

(5931) 

(34 862) 

(186 366) 

♦ 1.68 

(135) 

(5) 

-0.30 

1.85 

0.576 

276 873 

506 

178 925 

84 544 


272 




(33) 

(610 391) 

(5452) 

(40 226) 

(186 385) 

♦ 1.69 

(147) 
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tive turbulent baseline, the full predicted 1990 technology level for 
flight controls has been assumed, as outlined previously in Section 4.5.2. 
Various aspects of stability and control are discussed in the following 
sub-sections. Note that the control algorithm complexities of the 
sophisticated flight controls system required are beyond the scope of the 
present discussion. 

6. 1.5.1 Longitudinal Stability and Control 

Satisfactory longitudinal stability and control was provided for the 
LFC baseline by sizing the horizontal tail and control surfaces to provide 
stability levels and control response consistent with aircraft of the 
L— 1011 and C-5 weight class. The GASP aircraft sizing program automa- 
tically defines a sufficient horizontal tail area matched to the aircraft 
size. The comparative turbulent aircraft horizontal tail and controls are 
sized in GASP consistent with a low-tail effectiveness and the same con- 
trols technology level employed for the LFC baseline. For both aircraft 
baselines an unusually small horizontal tail will furnish adequate stabil- 
ity and control. 

6. 1.5. 2 Lateral/Directional Stability and Control 

As in the longitudinal case, lateral/directional stability and control 
was provided through parametric sizing in GASP. Differences in vertical 
tail sizing because of engine placement and the LFC baseline T-tail 
configuration have been recognized. Stability augmentation allows the 
small vertical tails used on both baselines. The lateral control system 
for both baselines provided rates of roll, through concept and sizes of 
roll control devices, which are comparable to C-5 roll performance, which 
is excellent for a large aircraft. Again, precise control algorithyms were 
not developed and should be the subject for future flight controls and 
aerodynamics stability and control work. The modes of operation of the 

aft secondary flap and load alleviation device are of particular concern in 
the case of future LFC aircraft. However, criteria, control algorithms, 

and precise operational characteristics of the secondary flap were beyond 
the scope of the current study. 

6.2 STRUCTURES AND MATERIALS 

A central problem in the definition of a feasible production configura- 
tion for LFC transports is the development of LFC surface designs which 
satisfy aerodynamic requirements without imposing unacceptable structural 
weight penalties, manufacturing costs, and operational requirements. Conse- 
quently, extensive investigations were conducted in the development of 
structural concepts for both the wing-box and the leading-edge regions of 
the wing of the baseline LFC transports. As a part of the development, 
alternative structural concepts were evaluated, detailed designs were 
developed for selected concepts, manufacturing procedures were established, 
and full-scale structural specimens were fabricated and tested. 

6.2.1 Design Objectives 

The laminarization of the boundary layer begins on the wing surface 
from which small quantities of the boundary layer are removed to stabilize 
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the flow over the surface. Thus, the selection of an optimum surface con- 
figuration is of primary importance in the development of a production LFC 
transport. The design objectives pertinent to the development of LFC 
structure include the following: 

(1) Satisfaction of the stringent requirements for surface smoothness 
and waviness. 

(2) Compatibility with manufacturing procedures adaptable to a produc- 
tion environment. 

i 

(3) compatibility with in-service inspection, maintenance, and repair, 
while providing a high degree of reliability. 

(4) Imposition of minimum weight and cost penalties on the airframe. 
6.2.2 LFC Surface Panel Development 

6.2.2. 1 Concept Evaluation and Selection 

The following methods of providing the required surface configuration 
are available to the designer: 

o Non-structural covers 

o Structural surfaces 

o Combination of the first two methods 

The plan for development and evaluation of alternative surfaces is 
shown in the flow diagram of Figure 57. 

Concept design entailed the identification of alternative candidate 
concepts. The preliminary design effort included the development of 

consistent weight and cost factors for comparison during the evaluation. 
To develop weight and cost data, the preliminary design effort included the 
estimation of loads for the baseline LFC aircraft wing, selection of 

materials, and the sizing of surface/wing elements. For study purposes, 

the evaluation was restricted to the portions of the LFC upper and lower 

surfaces forming the main structural elements between the wing front and 
rear spars. 

In addition to the above, the following were accomplished: 

o Manufacturing procedures were developed for each concept. 

o Estimates of manufacturing costs were completed for each concept. 

o The maintainability and reliability of each concept were assessed. 

o Procedures for repairing damaged surfaces were developed for each 
concept . 

o The compatibility of each surface concept with surface design 
criteria and other elements of the LFC system was evaluated. 
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Figure 57„ Plan for LFC surface development 


Upon completion of this procedure for each of the candidate concepts, 
recommended non-structural , structural, and combination concepts were 
selected. These concepts were subsequently compared to permit selection of 
a single concept for future development. 

Design guidelines were prepared for both structural and non-structural 
surfaces to assist designers and evaluators in their efforts to identify • 
the recommended surface configuration. 

The important criteria are: 

o Minimize external fasteners 

l 

o Minimize external joints 

o Minimize steps, gaps, and surface waviness 

o Minimize duct intrusion into fuel cells 
o Provide for inspection of primary structure 
o Consider repair characteristics 
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o Maintain required aero contour under 1g flight deflection 
o Satisfy service life goals 

Figure 58 outlines the smoothness requirements for LFC surfaces as a 
function of cruise altitude. At the selected cruise altitude of 12 192 m 
(40 000 ft), only the 0.015 cm (0.006 in) down step requirement is expected 
to present significant manufacturing problems. 

The maximum permissible amplitudes for LFC surface waves are shown in 
Figure 59 as a function of wavelength for three chord lengths. 

The ideal LFC surface would be an infinitely smooth aerodynamic shape 
with no seams, joints, or surface fasteners. Since such a surface is un- 
attainable in the context of a high production article, it is necessary 
from the outset of concept design to make a series of compromises in the 
form of judgments to define a practical approach to the problems of manu- 
facturing, repair, and maintenance. The requirements for close tolerance 
slots and surface ducting, along with the requirements imposed by smooth- 
ness and waviness criteria, appear to be amenable with the manufacturing 
techniques envisioned for the 1990 time frame. Thus, it is assumed that 
all concepts described herein can be made to perform their required 
functions . 
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Figure 58. LFC surface smoothness criteria 
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The obvious task for the designer is to identify concepts offering the 
highest probability of success or the lowest degree of compromise at the 
lowest possible weight and cost penalties to the airframe. Each of the 
concepts developed in this study offer some advantages in that each 
satisfies some if not all of the design guidelines. In many cases, the 
meeting of one guideline necessitates compromise in another area. In order 
to proceed with the concept, the designer must rationalize the accepted 
deficiency by assuming that good detail design and advanced manufacturing 
and maintenance techniques available by 1990 v/ill minimize adverse effects 
of the compromise, and further, that testing will prove broader tolerances 
to be acceptable, thus reducing system sensitivity. 

This section includes descriptions of each of the thirteen LFC surface 
concepts considered as candidates for further development and for use on 
the final 1993 LFC transport configuration. 

Non-Structural Surface Concepts 

Wing Box Structure - The basic wing box structure selected to support 
the non-structural panels under consideration is the hat-stiffened 
configuration shown in Figure 60. 
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All major components are fabricated from graphite/epoxy material and 
wherever possible are one-piece bonded assemblies. The cover assemblies 
consist of procured skins and hat-section stiffeners which are joined in a 
second stage bonding operation. Several methods of glove panel attachment 
require some penetration of the cover panels. Where cover penetration is 
required, dome nuts are utilized to prevent fuel leakage. 

The rib design is a truss arrangement comprised of integrally molded 
caps to which pultruded diagonals are mechanically attached. 

Front and rear spars are integrally molded assemblies and are contin- 
uous from root to tip. 

Penetration of the cover panels does not present a potential aero- 
dynamic problem as with the various integral designs. Therefore mechanical 
fasteners are used for substructure to cover attachment. 

Floating Panel, Blind-Stud Mounted - This LFC surface panel concept, 
shown in Figure 61 is a glove-type panel which is allowed to float on the 
basic wing structure. The panel is installed with the wing in the 1g 
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FLOATING PANEL, BLIND STUD MOUNTED 
Figure 61, Non-structural concepts 
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cruise condition in order to attain the required contour and smoothness in 
operation. Each panel is approximately 381 cm (150 in) in span by the 
local chord length from 6% to 75 % • 

Rigid Panel, Flush-Bolt Mounted - This LFC surface concept, shown in 
Figure 61 is a glove type panel rigidly fastened to the basic wing with 
bolts, and is designed to resist the strain induced by wing bending. Since 
it is rigidly attached, it may provide a small increment of wing bending 
strength. Each panel is approximately 381 cm (150 in) in span by the local 
length from 6 % to 75?. The panel rests on formers attached to the basic 
wing structure. 

Two-Tier Panel - Also shown in Figure 61 is a glove-type panel rigidly 
fastened to the basic wing with bolts. Thus, it is designed to resist the 
strain induced by wing bending. This panel may provide a small increment 
to total required wing strength. Each panel is approximately 381 cm (150 
in) in span by the local chord lengths from 6% to 75?. The chordwise 
formers in this case are incorporated into the 2-tier panel. 

Rigid Panel, Slide-Bar Mounted - This LFC surface panel concept is a 
non-structural panel similar to the first concept described above. As 
shown in Figure 61, this panel is rigidly fastened to the basic wing by 
slide bars instead of floating keyholes. The slide bars are restrained 
after assembly by a removable nose cap. 

The comparison of non-structural LFC surface panel concepts shown in 
Table 10 provides the basis for the selection of the "rigid panel, flush 
bolt" concept for further evaluation. 

Structural Surface Concepts 

Honeycomb - The honeycomb cover shown on Figure 62 features inner and 
outer face sheets of graphite/epoxy material separated by a honeycomb core 
approximately 3.81 cm (1.5 in) thick. Several core materials were con- 
sidered including aluminum, fiberglass and nomex, with preference being 
given to the the non-metallic materials to obviate potential corrosion 
problems. An alternative honeycomb cover arrangement was also developed in 
which the chordwise duct is introduced to transfer the air flow from the 
spanwise ducts into the main leading edge trunk duct. 

Hat Stiffener - In the configuration shown on Figure 62, structural 
elements of the covers and substructure are utilized for ducting purposes. 
With this dual purpose approach, no parasitic ducting weight is introduced 
and substantial v/eight savings is realized. The cover panel is comprised 
of a graphite/epoxy skin containing integrally molded spanwise ducts and 
hat-section stiffeners running parallel to the front beam. An alternate 
version employing a different system of chordwise ducts was also developed. 

Blade Riser - An efficient method of stiffening highly-loaded wing 
panels, particularly the tension surface, is the blade riser configuration 
shown on Figure 62. The cover panel assembly consists of an outer skin 
containing recesses for spanwise ducts to which a blade riser of pre- 
dominantly uni-axial material is secondary bonded. In this design, a thin 
gauge inner skin is required to form the inside spanwise duct. 
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TABLE 10. COMPARISON - NON-STRUCTURAL CONCEPTS 



Floating Panel 
Blind Stud 

Rigid Panel 
Flush Bolt 

Two-Tier 

Panel 

Rigid Pane 
Slide Bar 

Characteristics 

Laminar Efficiency (7 0 ) 

85 

85 

85 

85 

Chordwise Joints 

7 

7 

7 

7 

Spanwise Joints 

1 

1 

1 

1 

ExternaL Fasteners 

, 2 
no/m 

6.5 

10.3 

8.6 

2.2 

(no/fc 2 ) 

(0.6) 

(1) 

(0.8) 

(0.2) 


Weight 

Non-Structural 


kg / m 2 

0.68 

0.49 

0.57 

0.97 

(lb/ft 2 ) 

(1.50) 

(1.09) 

(1.25) 

(2.13) 

Wing Structure 

kg/m 

0.25 

0. 25 

0.20 

0.25 

(l.b/fe 2 ) 

(0.55) 

(0 o 55) 

(0.44) 

(0.55) 

kg/m 2 

0.93 

0 o 74 

0.77 

1.22 

T0TAL ( lb/ft 2 ) 

(2.05) 

(lo 64) 

(1.69) 

(2.68) 

Manufacturing 

Procedures 

3 

1 

2 

4 

%/m 2 

2583 

2164 

2497 

2551 

Cost ($/ft 2 ) 

(240) 

(201) 

(232) 

(237) 
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I-Section Stiffener - This cover panel shown on Figure 62 is similar to 
that for the blade riser except that I-section stiffeners are used instead 
of blades. A predominant feature of this design is the large spanwise 
ducts which are formed by attaching an inner skin to the flange of the 
I-beams and running between ribs and from front to rear spar. 

The data shown in Table 11 provide the basis for selecting the "hat 

stiffener" concept for further evaluation. 

Combination Surface Concepts - The panel concept shown in Figure 63 
endeavors to combine some of the advantages of both glove and integral 
concepts while minimizing the respective disadvantages. In this concept, 
the spanwise slots and ducts are contained in a removable surface panel 
while the chordwise ducting is molded into the composite sandwich sub- 
structure. The removable outer surface panel is fabricated by bonding a 

layer of lightweight Kevlar syntactic tape between an outer skin of 
titanium and an inner skin of Kevlar 49. The titanium outer sheet has 
spanwise suction slots. The light-weight Kevlar syntactic tape core with 
the inner skin, metering holes are drilled as required along the length of 
the spanwise ducts. 

The main load-carrying substructure is comprised of an aluminum honey- 
comb core sandwiched between 2 layers of graphite/epoxy. Kevlar hat- 
sections embedded into the honeycomb core form chordwise ducts to carry 
suction flow forward and aft to leading- and trailing-edge trunk ducts. 
Metering holes, to match those drilled in the thin outer panel, are drilled 
through the substructure graphite/epoxy outer layer to provide a flow path 
from the spanwise to the chordwise ducts. The substructure is designed as 
a one-piece semispan structure while the removable outer surface panels are 

approximately 381 cm (150 in) in span by the local chord length from 3% to 

75 %. 

Three methods of attaching the thin outer panel to the substructure are 
shown on Figure 63. 

The data shown in Table 12 provide a basis for selecting the "bonded" 
method of panel attachment for further study. 

Concept Selection 

In addition to the weight and cost data presented previously, the three 
final concepts were evaluated relative to maintenance requirements, in- 

herent reliability, repair procedures, and compatibility with ducting. 

On the basis of these evaluations, the hat-section stiffened panel 
shown in Figure 64 was selected for further development. Both the 

quantitative concept characteristics and the qualitative rankings provide 
justification for this selection. Following are the most significant con- 
siderations in this choice: 

(1) Of primary importance is the uncertainty associated with satisfying 
surface smoothness and waviness criteria with any removable panel 
configuration. While subsequent testing may show such configura- 
tions to be feasible, it is not reasonable to select such a con- 
figuration for development in the current study. 
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TABLE 11 


COMPARISON - STRUCTURAL CONCEPTS 


Hat 

Honeycomb Hat Stiffener Blade I-Section 
Honeycomb Alt Stiffener Alt Riser Stiffener 


Characteristics 


Laminar Efficiency (7 0 ) 

100 

100 

100 

100 

100 

100 

Chordwise Joints 

0 

0 

0 

0 

0 

0 

Spanwise Joints 

2 

2 

2 

2 

2 

2 

External Fasteners 

0 

0 

0 

0 

0 

0 

Weight 

Non-Structural 

kg/m 

- 

- 

- 


- 

- 

(lb/ft 2 ) 

- 

- 

- 

• 


- 

Wing Structure 

kg/m 

0.69 

0.72 

0.22 

0.22 

0.24 

0.24 

(lb/Et 2 ) 

(1.53) 

(1.58) 

(0.49) 

(0.49) 

(0.53) 

(0.53) 

TOTAL k S /m2 _ 

0.69 

0.72 

0.22 

0.22 

0.22 

0.22 

(lb/Et) 

(1.53) 

(1.58) 

(0.49) 

(0.49) 

(0.53 

(0.53) 

Manufacturing 

Procedures 

4 

4 

1 

2 

3 

2 

S/m 2 

2745 

2831 

506 

306 

635 

958 

Cost - 

($/£t ) 

(255) 

( 263 ) 

(47) 

(47) 

(59) 

(89) 
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Figure 64. Selected surface concept 
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TABLE 12. COMPARISON - COMBINATION CONCEPTS 


Removable Panel- 
Bonded 


Removable Panel- 
Mech Fasteners 


Removable Panel- 
Hidden Fasteners 


Characteristics 


Laminar Efficiency (%) 

85 

85 

85 

Chordwise Joints 

7 

7 

7 

Spanwise Joints 

1 

1 

1 

External Fasteners 

no/m^ 

(no/£t 2 ) 

0 

10.8 

1 

0 

Weight 

Non-Structural 

kg/m 

0.41 

0.68 

0.74 

(lb/ft 2 ) 

(0.90) 

(1.51) 

(1.63) 

Wing Structure 

kg/m 

0.57 

0.64 

0.64 

( lb/ ft 2 ) 

(1.26) 

(1.40) 

(1.40) 

TOTAL kg/m , 

0.98 

1.32 

1.37 

(lb/ft ) 

(2.16) 

(2.91) 

(3.03) 

Manufacturing 

Procedures 

2 

3 

4 

S/m 2 

3888 

4298 

4298 

Cost « 

(S/fc ) 

(360) 

(398) 

(398) 
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Figure 65, Surface design 
TABLE 13. WING INTERNAL LOADS 

Cover 

Spar 

Shear 


N x 



Q 

Q 


Semispan 

10^N/cm 

(KIPS/in) 

10 3 N/cm 

(KIPS/in) 

10 3 N/cm 

(KIPS/in 

0.09 

73.9 

(42.2) 

4.4 

(2.5) 

7.9 

(4.5) 

0.30 

66.4 

(37.9) 

5.4 

(3.1) 

11.2 

(6.4) 

0.55 

39.4 

(22.5) 

3.8 

(2.2) 

10.5 

(6.0) 

0.75 

16.1 

( 9.2) 

2.3 

(1.3) 

6.7 

(3.8) 

0.85 

6.7 

( 3.8) 

1.4 

(0.8) 

4.2 

(2.4) 
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(2) The selected structural concept provides the potential of greater 
laminarization efficiency by minimizing chordwise joints and ex- 
ternal fasteners. 

(3) The weight increment of the alternatives is greater than that of 
the selected structural concept by factors of 3.3 and 5.9. 

(4) The cost increment of the alternatives is greater than that of the 
selected structural concept by factors of 4.3 and 8.5. 

(5) The alternative non-structural and combination concepts tend to 
aggravate many of the maintenance problems they were intended to 
solve. The selected structural concept appears to be superior in 
every maintenance area evaluated. Inspection of the surface is 
readily accomplished through a combination of visual and NDI 
techniques. 

(6) The major deficiencies of the selected concept are the potential 
reliability problems created by secondary ducting within fuel tanks 
and the relatively limited flexibility provided for slot spacing. 
It is anticipated that compromises can be incorporated to minimize 
the impact of both of these deficiencies. 

6.2.2. 2 Design 

Figure 65 illustrates the selected LFC surface configuration with 
suction flow denoted by arrows. Boundary layer air is pulled through span- 
wise surface slots into spanwise capillaries, then through metering holes 
into the structural hat stiffeners. Suction flow is carried spanwise until 
it reaches the chordwise collector duct which is formed by hollow rib caps 
located on alternate ribs. Details of the internal ducting and metering 
are given in Section 6.3.2. Designs based on this surface configuration 
were completed as a part of the development and testing of three 0.91 m x 
1 .52 m (3 ft x 5 ft ) panels. 

The LFC surface is constructed of graphite/epoxy. Each element is 
bonded in place with mechanical fasteners used at rib caps. The entire 
surface is covered by a sheet of titanium. The surface is designed to 
accommodate slot spacings, of 5.08, 7.62, and 10.15 cm (2, 3* and 4 in) or 
multiplies thereof. 

When the up-bending loads are applied to the sectional geometries, the 
critical internal loads shown in Table 13 result. The test loads for the 
0.91 m x 1.52 m (3 ft x 5 ft) LFC surface panel are those corresponding to 
the 30 % semispan location. 

Details of the surface concept, including the selection of materials 
and number and orientation of the 5208/T300 graphite/epoxy plies, are shown 
in Figure 66. 

The outer surface material is 6AL-4V annealed titanium. Thickness is 
in the range 0.041 cm to 0.051 cm (.016 in to 0.20 in). The selection of 
titanium for the outer face sheet was primarily based on corrosion con- 
sideration along the slots. A sawed slot in aluminum sheet could not be 
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Hat crown, 80 plies 
20% ± 45° 



suitably protected against corrosion. The titanium sheet provides protec- 
tion against: 

o FOD and other impact damage to the substructure graphite/epoxy skin 
o Lightning 
o Sand/rain errosion 
o Ultraviolet radiation 

Note that the titanium sheet is used to carry primary wing loads. 
Therefore, no weight penalty results from the use of titanium instead of 
aluminum. In the mid-chord region, the suction slots with widths ranging 
from 0.020 cm to 0.030 cm (0.008 in to 0.012 in) are spaced at 15.2 cm and 
27.9 cm (6 in and 11 in) for the upper and lower surfaces, respectively. 
The titanium is structurally bonded^ to the skin with FM123-4 adhesive. 
This bond is cured at 79. i C (200 F) to reduce the impact of thermal 
mismatch of the titanium and the graphite/epoxy skin. This FM123-4 bond 
was selected because of its low flow to preclude filling the slot duct with 
the excess resin bleed. 
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The wing skin material, 5208/T300 graphite/epoxy, was selected due to: 

o The potential weight saving up to 40? relative to current metals 

o The capability of molding to a tool to meet LFC smoothness criteria 

o The reduced notch sensitivity for metering holes relative to 

current metals. 

The graphite/epoxy skin is pre-bled in stacks of 16-20 plies. The 0.20 
cm (0.08 in) deep by 0.76 cm ( 0.30 in) wide slot ducts are molded into the 
skin during cure cycle. The typical skin thickness varies from 0.25 cm 
(0.10 in) up to 1.09 cm (0.43 in) for the tip and root, respectively. In 

some padded areas the thickness reaches 2.54 cm (1.0 in). 

The hat material is also 5208/T300 graphite/epoxy. The thickness of 

the hat crown varies from 0.25 cm to 1.27 cm (0.1 in to 0.50 in) from the 

tip to the root. The hat is structurally bonded Q to the skin using American 

Cyanamid FM73 adhesive cured at 106.9 C (250 F) in an autoclave using 
vacuum bag pressure. The rib clips, shown in Figure 65, are fabricated 
from 5208/T300 graphite/epoxy to permit curing at the same temperature as 
the hats. Four titanium fasteners are installed at each rib clip to each 
hat leg to carry the rib tension load into the skin. These fasteners were 
found to be necessary because of the low allowable interlayer tension 
stress of graphite/epoxy. 

6. 2. 2. 3 Manufacturing Procedures 

The manufacturing procedures evaluated during this phase of the study 
were directed toward the development of three 0.91m x 1.52m (3 ft x 5 ft) 
LFC surface panels to be employed in subscale testing. To permit fabrica- 
tion of the selected LFC surface design, manufacturing development was re- 
quired to economically produce acceptable slots in titanium and fabricate 
basic hat-stiffened wing-box structure from graphite-epoxy composite mate- 
rial in sections thicker than had previously been fabricated. A variety of 
slotting procedures and graphite/epoxy structure fabrication and assembly 
procedures were evaluated in the selection of manufacturing procedures 
providing a high-quality, dimensionally accurate LFC wing panel structure. 
Following is a brief discussion of the investigations conducted. 

Surface Slotting 

The following criteria were established for slots in the titanium LFC 
surface : 

(1) A slot width range of 0.076 mm to 0.228 mm (0.003 in to 0.009 in). 

(2) A slot width tolerance of -10?. 

(3) The slot entrance equal to or thinner than the slot exit to 
minimize slot contamination. 

i 

(4) Sharp slot edges to facilitate control of air flow through the 
slots . 
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Table 14 summarizes the results of investigations conducted in the 
evaluation of candidate slotting procedures. Of the eight procedures 
evaluated, including both pre-assembly and post-assembly techniques, the 
sawing technique was judged to be most compatible with requirements for the 
slotting of titanium in a production environment. Slots can cut at rates 
ranging from 7.52 cm/min (3 in/min) for 0.008 cm (0.003 in) slots to 25.4 
cm/min (10 in/min) for slots greater than 0.015 cm (0.006 in). 

Figure 67 shows a photo of a sawed slot in titanium. Note the corner 
fillets formed by the FM 123-4 adhesive bond. Figure 68 shows the cross- 
section of a 0.018 cm (0.007 in) saw cut slot in 0.051 cm (0.020 in) 
titanium. 

Structural Skin 

A major problem in the development of thick sections of 5208 graphite/ 
epoxy was the ply thickness distribution through the skin. Bleeding from 
one side yielded plies against the bleeder which were too thin and plies 
away from the bleeder which were too thick. A 20-ply stack which was pre- 

TABLE 14. COMPARISON OF SLOTTING PROCEDURES 

Verified 

Production 

Slotting Potent ia I Comments 


FJ oct.ro-discharge machining Yes 


Joining machined strips 


Bonding No 

Welding No 

Electron Beam No 

Water Jet No 

Laser No 


Further work required to get 
slot width to c008 cm 
(e003 in) 


Slot tolerance exceeded 003cm 

(+.001in) 

Slot tolerance exceeded 003cm 

(T.OOlin) 

Failed to produce slots 
consistent ly 

Maximum rate of 2.54cm/min 
(1 in/min) 


Unacceptable slots 


Planer 


No Minimum slot width of .020 cm 

(.008 in) 


Saw 


Yes Provides most consistent slots 


Chem-mi 1 1 ing 


No 


Failed to provide square corners 
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Figure 67. Sawed slot- with slot duct 


Figure 68. Sawed slot 

bled yielded uniform ply thickness. Thus, pre-bleed was selected as the 
preferred process for thick 5208 graphite/epoxy sections. 

Slot ducts were formed by aluminum strips tack riveted to the skin tool 
with 16-ply graphite/epoxy between the aluminum strips. An aluminum foil 
backing sheet was used to prevent splintering during drilling of the meter- 
ing holes. Figure 69 is a photograph of the completed structural skin. 

Hat-Section Stiffeners 

The hat-section stiffeners were produced in a female mold. A 0.61m (24 
in) long prototype tool was made of aluminum, and an attempt was made to 


99 





let the vacuum bag mold the inside of the part. While the part was 
generally acceptable, there were wrinkles caused by bag folds. Cracking 
also occurred in the 20-ply 0 stacks in the hat crown. The four-ply 
(+45/-45/-45/+45) modules were pre-bled prior to forming into the mold. 
Pre-bled modules were found to be much easier* to form since they were well 
compacted . 

A rubber plug was made to mold the center of the hat and was used on 
additional prototype runs. Cracking of the 0 plies in the crown was not 
resolved. One try placed a ply of graphite fabric in the center of each of 
the 20-ply 0 stacks but failed to alleviate the cracking. Some changes to 
the cure cycle were also made, but neither helped the cracking problem or 
completely eliminated voids. Crack-free structural components were 
achieved by reducing the number of 0 plies in the crown to ten. Completed 
hat-section stiffeners are shown in the photograph of Figure 70. 


Figure 70. Hat section stiffeners 


Figure 69. Structural skin 
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Panel Assembly 

In the bonding of the hat-section stiffeners to the structural skin, 
the web flange stiffness of the hat sections was found to be adequate to 
withstand light autoclave pressure. Therefore verification bond runs with 
the adhesive encapsulated ip 0.013 mm (0.0005 in) Teflon were conducted at 
68.9^ kN/m and 137.88 kN/m (10 psi and 20 psi) autoclave pressures. After 
the adhesive cured, the hat was stripped from the skin and a replica of the 
bond line was removed from between the Teflon. Both cure pressures pro- 
duced a good bond with adhesive thicknesss from 0.051 mm to 0.152 mm (0.002 
in to 0.006 in). 

In bonding the titanium skin to the structural skin, the initial 
attempt used a 121 C (250 F) curing adhesive, American Cyanamid FM73.1. A 
demonstration panel was made by bonding strip to slotted titanium to a part 
of the first 96-ply panel. Warpage of 0.101 cm (0.040 in) in 61 cm (24 in) 
was experienced, which precluded using an elevated temperature bonding 
procedure for attaching the titanium skin to the surface panel. A room- 
temperature curing adhesive was tried which had been used previously for 
bonding titanium doublers to aluminum structure on aircraft. Both Hysol EA 
9309.1 and Mil-S-8802 polysulfide sealant were evaluated as room-tempera- 
ture curing adhesives. The panel with MIL-S-8802 resulted in non-uniform 
bond lines and a step at the slot edges; therefore, Hysol EA 9309.1 was 
selected . 

In subsequent compression testing of the panel bonded with EA 9309.1 
adhesive, the titanium skin began buckling and disbonding at approximately 
50% of the failure load. In solving this problem, three alternative 
adhesives, designated FM123-4, FM73, and MB 1113, were evaluated. The FM73 
and MB1113 adhesives had excessive flow, which partly blocked the slot 
ducts. Flow of FM123-4 was acceptable. As illustrated by Figure 67, a 
small fillet was formed, but no blockage of the slot duct occurred. During 
subsequent impact/compression testing, the titanium skin did not buckle or 
disbond before the total section failed. Upon failure, graphite layers 
were pulled apart. Therefore, the FM123-4 bond withstood ultimate load. 
The final LFC surface panel was fabricated using sawed titanium, bonded 
with FM123-4. This panel satisfied all surface criteria. Maximum values 
of 0.007 cm and 0.013 cm (0.003 in and 0.005 in) were measured for steps at 
slots, and 7.62 cm (3 in) waves, respectively, compared to allowable values 
of 0.015 cm (0.006 in) and 0.013 cm (0.005 in). The completed surface 
panel is shown in Figures 71 and 72. 

Sunmary of Manufacturing Procedures 

The following summarizes the manufacturing procedures developed for 
fabrication of LFC surface panels: 

(1) The outer skin, inner skin, and hat stiffeners are separately cured 
and subsequently joined by structural adhesive bonding. 

(2) During the final bonding cycle, the shear clips are integrally 
molded in place. 

(3) The titanium face sheet is bonded to the outer skin with FM 123-4 
adhesive . 
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Figure 72. Surface panel No. 3 - lower surface 
(4) The titanium face sheet is slotted using a jeweler f s saw. 

6.2.2. 4 Testing 

Subscale testing of LFC surface panels was conducted in the following 
areas : 

(1) Environmental 
o Temperature 


Figure 71. Surface panel No. 3 - upper surface 
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o Icing 
o Corrosion 

o Foreign object damage 
o Repairability 
o Lightning 

(2) Structural component tests 
o Rib clip tension 

o Rib clip shear 
o Compression 

(3) Fatigue 

Test specimens were cut from the three 0.91 m x 1.52 m (3 ft x 5 ft) 
LFC surface panels described in the preceding section. A photograph of the 
first surface panel illustrating the allocation of test specimens is 
presented in Figure 73. The sectioning of the second surface panel to 
acquire the large specimens for the compression tests is illustrated by 
Figure 74. The number and characteristics of test specimens is outlined in 
Table 15. 

The narrative which follows summarizes pertinent results of selected tests. 
Temperature 

Thermal testing was conducted to evaluate the effect of temperature 
changes on the width of slots in the LFC surface panel and to verify hand- 
book values for the thermal coefficient of expansion for the thick com- 
posite structural skin. The thermal test panel and instrumentation are 
illustrated by Figure 75. In the temperature range from -51° C (-60 F) to 
82 C (180 F^, the maximum variation in slot width ranged from +6.35 and 
-6.10 x 10" mm (+25 and -24 x 10~ in). Thus, slot width variations due 
to temperature changes are considered to be insignificant. An acceptable 
comparison of measured and handbook values for the coefficient of expansion 
for the composite structure was obtained. 

Icing 

Icing tests were conducted to evaluate the effect of entrapped water in 
the hat section stiffeners and in the surface ducts and metering holes. 


As shown by Figure 76, a specimen was cut from the panel for icing 
tests, and the ends of the hats were closed by clamping aluminum plates 
with a rubber seal to each end. A stand-pipe was attached to one end and 
filled with water . q The specimen was placed in a low-temperature chamber 
and frozen at -18 C (OF). One hat flange separated from the skin. As 
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Figure 73. Test specimens - LFC surface panel No. 1 
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Figure 74. Test specimens - LFC surface panel No. 2 


illustrated by Figure 76, failure was within the composite hat flange. The 
flange separation emphasizes the need to keep water out of the hat sections 
during low temperature operation. 

For the evaluation of icing in the surface ducts and metering holes, 
the ducts and holes were filled with water through the skin slots. The 
specimen was exposed to 15 freeze-thaw cycles, after which there was no 
visually detectable damage. Removal of the titanium skin did not reveal 
any hidden damage. A section was cut through a metering hole, and the 
specimen was mounted and polished. Microscopic examination up to 200X 
showed no delamination or cracking. 

Corrosion 

Tests were conducted to evaluate the effect of environments repre- 
sentative of those encountered in airline operations on the bending 
strength of the LFC surface panel. 

Three 10.16 x 25.40 cm (4 x 10 in) panel specimens were exposed to 30 
days of salt fog, 30 days of high humidity, and 30 days of Weather-O-Meter , 
respectively. In addition, a 0.15 x 0.61 m (6 x 24 in) specimen was ex- 
posed to 30 days in the Weather-O-Meter environment. Weather-O-meter 
exposure simulates outdoor weathering. The test machine exposes the 
specimens to sunshine (zenon arc) and rain (water spray). A test cycle of 
17 minutes of sunshine and 3 minutes of sunshine and rain was used. After 
exposure, the specimens were static tested in a four-point bending test, as 
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TABLE 15. TEST SPECIMENS 






Dimensions 


Type of Test 

rane L 
No. 

Number of 
Specimens 


cm 


( in) 

Temperature 

1 

1 

30.5 

x 91.4 

(12 

x 36 ) 

Icing 

1 

1 

15 e 2 

x 30.5 

(6 

x 24) 

Corrosion 
(4 pt bending) 







Skin 

1 

4 

10.2 

x 25.4 

(4 

x 10) 

Pane 1 

1 

2 

15.2 

x 61.0 

(6 

x 24) 

Foreign object 
damage and 
repairability 

1 

1 

30.5 

x 30.5 

(12 

x 12) 

Lightning 

1 

2 

30.5 

x 30.5 

(12 

x 12) 

Rib clip 







Tension 

1 

1 

15.2 

x 30.5 

(6 

x 12) 

Shear 

1 

1 

15.2 

x 30.5 

(6 

x 12) 

Compression 







2 elements 

1 

1 

30.5 

x 91.4 

(12 

x 36) 

4 elements 

2 

1 

61.0 

x 152 

(24 

x 60) 

Fatigue 

3 

1 

76.2 

x 188 

(30 

x 74) 



Figure 75. Temperature test arrangement 
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Figure 76. Icing test- specimen 

illustrated by Figure 77. As shown in Table 16, the maximum reduction in 
bending strength was 18% for the smaller specimen subjected to the Weather- 
O-Meter environment. The larger specimen showed a 7 % reduction. The en- 
vironmental effect was accounted for in the structural design. 



Figure 77. Corrosion/bending test arrangement 


TABLE 16. TEST SUMMARY - CORROSION/BENDING 


Environment 



Specimen 


Reduction in 
Bending Strength - 7, 


cm 


in 


Salt fog 

10.2 

X 

25.4 

(4 x 

10) 

11 

Humidity 

10.2 

X 

25.4 

(4 x 

10) 

13 

Weather-O-Meter 

10.2 

X 

25.4 

(4 x 

10) 

18 

Weather-O-Meter 

15.2 

X 

61.0 

(6 x 

24) 

7 


107 



Foreign Object Damage 

The objective of this test was to determine the resistance of an LFC 
surface panel to foreign object damage. 

Using the experimental arrangement shown in Figure 78, the LFC surface 
panel was impacted over the slotted surface duct and over the 
composite-supported titanium at energy levels of 5.76, 11.52, 23.04, 46.08, 
and 92.16 m-kg (5, 10, 20, 40 and 80 in-lb). The depth of the maximum 

indentation at each impact point was measured with a depth micrometer and 
is reported in Table 17. Figure 79 shows the result of a 92.16 m-kg (80 
in-lb) impact over a surface duct. Removal of the titanium skin revealed 
little visual damage to the composite over the plenum and none over solid 
laminate . 



Figure 78. Impact test arrangement 
TABLE 17. TEST SUMMARY - FOREIGN OBJECT DAMAGE 


Impact 

Load 

Over 

Depth 

Duct 

Over 

Laminate 

Ply 

Damage 

m-kg 

( in-lb) 

mm 

( in) 

mm 

( in) 

5.76 

(5) 

0.025 

(0.001) 

0 

(0) 

0 

11.52 

(10) 

0.152 

(0.006) 

0.025 

(0.001) 

0 

23.04 

(20) 

0.457 

(0.018) 

0.050 

(0.002) 

0 

46.08 

(40) 

0.508 

(0.020) 

0.075 

(0.003) 

0 

92.16 

(80) 

0.813 

(0.032) 

0.101 

(0.004) 

10 
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Figure 79. Impact test specimen 

The data of Table 17 indicate that none of the impacts in the range tested 
would create a surface indentation sufficiently deep to cause transition of 
the laminar boundary layer if the impact occurred over titanium supported 
by composite. However, depending on chord location, impacts in the range 
of 11.52 - 23.04 m-kg (10 - 20 in-lb) over a surface plenum would result in 
an unacceptable surface discontinuity. For purposes of comparison, a 1.27 
cm (0.5 in) diameter stone at a relative velocity of 222.2 km/hr (120 kn) 
is equivalent to a 57.6 m-kg (50 in-lb) impact energy level. 

Repairability 

The objective of this investigation was to demonstrate that typical 
damage to the slotted titanium LFC surface can be repaired by methods 
usable in-service by fleet operators. 

The LFC surface panel specimen of the foreign object damage test 
described in the preceding section was used as the test specimen. Repairs 
were made to the dents produced by the 23.04 m-kg (20 in-lb) to 92.16 m-kg 
(80 in-lb) impacts in the titanium over the surface ducts. 

Removal of the damaged titanium surface with a hole saw was considered 
to be partially successful. A pilot hole was drilled in the center of the 
damaged area and allowed to penetrate the composite for approximately 0.63 
cm (0.25 in). Additional control of the cutting tool was accomplished with 
a guide. Removal of the titanium skin was readily accomplished with the 
hole saw but it was not possible to stop the cut precisely in the adhesive 
layer and slight scoring of the composite occurred each time. 

The second method attempted was the use of a counterbore, chucked in a 
low-speed, hand-held, drill motor. A pilot hole and cutting guide were 
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used. The cut was terminated in the adhesive layer with no damage to the 
composite substrate. No problem was experienced with overheating. How- 
ever, the edge of the cut in the titanium was not square due to the normal 
radius on a counterbore. A special counterbore was prepared with a square 
edge and a grind more suited to titanium cutting. Excellent results were 
obtained. Control of the cut using the hand-held drill was easily 
accomplished . 

A patch was prepared from electro-discharge-machine-slotted titanium 
sheet with a connecting tang in the center of the patch, as illustrated by 
Figure 80. Preparation for bonding was by conventional procedures. The 
composite surface was prepared by light sanding followed by an acetone 
wash. Both surfaces were lightly coated with Hysol EA 9309 adhesive and 
the patch was placed in position. Small strips of shim stock were used to 
align the slots, light pressure was applied, and the adhesive was allowed 
to cure at room temperature. The connecting tang was removed using a 
hand-held jeweler’s saw. 

Step profile measurements were made on several patches to determine 
smoothness. A typical patch had a total surface variation within a 5.08 cm 
(2 in) circle of only 0.063 mm (0.0025 in) and a maximum step of 0.038 mm 
(0.0015 in) which is well within the requirements established in Figures 58 
and 59. 

It was demonstrated that a damaged slot can be returned to the original 
configuration using hand-held tools. While the tests were conducted on a 
bench, the entire operation could have been conducted either on the upper 
or lower surface of an aircraft wing. Repairs of this nature could be per- 
formed within a time span of four to six hours by using heat lamps to 
accelerate the adhesive cure. 



Figure 80 . Repairabilify fesf specimen 
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Lightning 

Preliminary tests were performed to ensure that the structural arrange- 
ment of the LFC surface panel is resistant to lightning strike. The test 
specimen shown in Figure 81 was tested by NASA personnel in the NASA LRC 
lightning strike test facility. 

Three specimens were tested. One panel was tested for baseline data 
and the second was subjected to 260 thermal-humidity cycles. Test 
conditions are outlined in Table 18. The third specimen was tested for 
internal arcing. 



Figure 81. Lightning test specimen 
TABLE 18. TEST RESULTS - LIGHTNING STRIKE 


Number 

High Voltage 
Spike 

kV 

Continuing 

amp 

Current 

msec 

Edges 

Grounded 

Burn 

Thru 

Disbond 

1 

23 

0 

0 

All 

No 

No 

2 

42.5 

0 

0 

All 

No 

Some 

3 

25 

500 

200 

All 

Yes 

Yes 

4 

25 

500 

200 

One 

Yes 

Yes 

5 

25 

500 

200 

All 

Yes 

Yes 

6 

45 

0 

0 

All 

No 

Yes 
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In all six tests, the titanium face sheet was effective in preventing the 
current from penetrating the composite. The panel after four lightning 
strikes is shown in Figure 31. The extent of disbonding between the face 
sheets and composite was examined using ultrasonic techniques. The results 
of this effort and the physical appearance of the panels suggest the 
possibility that aerodynamic forces encountered after a lightning strike 
might cause additional delamination. These aerodynamic forces might become 
more intense due to irregularities in the wing surface, but even the loss 
of titanium strips between slots would not result in a catastrophic 
failure. 

The third 30 x 30 cm (1 x 1 ft) lightning strike panel specimen in- 
cluded : 

o Rib clips bonded between hats 

o Rib clip fasteners installed through skin and hat legs 

o A simulated rib bolted to the rib clip cap 

The cap attachment was grounded with all other surfaces insulated with 
mylar. A 45 kV discharge to the titanium skin resulted in no apparent 
internal arcing. The graphite/epoxy composite appeared to provide an 
electrical path for the charge. These tests established that lightning 
strikes to wing panels would not cause a catastrophic bond failure. 

Compression 

The objective of the panel compression test was to obtain design data 
for a four-element compression panel. The acceptable criterion for the 
compression panel was a design ultimate load of 6.49 MN/m (37.08 kips/in) 
without failure. 

A 0.61 m x 1.52 m (24 in x 60 in) compression panel was removed from 

the second LFC wing surface panel shown in Figure 74. The specimen ends 

were potted using Magnabond 69-9 tooling plastic and machined as required 
for the test configuration. The specimen was instrumented with thirty-four 
axial strain gauges and seventeen deflection transducers. Aluminum "T" 
sections, simulating rib caps, were attached to the rib clips. All strain 
gauge and deflection transducer readings were recorded by a B&F Model SY 
156 data acquisition system. 

The specimen was loaded in .445 MN (100 000 lb) increments. While 
loading between .890 MN (200 000 lb) and 1.334 MN (300 000 lb), it was 
noted that the titanium skin was buckling at the top and the bottom edge 
edge of the panel, including areas that had previously been determined to 
have some disbonding. This was documented by the photograph shown in 
Figure 82. Loading was continued to 2.224 MN (500 000 lb) and buckling of 

the titanium strips progressed over the length of the panel, as shown in 

Figure 83. The specimen withstood 3.959 MN (890 000 lb), the design 
ultimate load, when failure occurred by delamination of the hats and skin, 
as shown in Figure 84. 
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Figure 82. Compression panel test - 1.334 MN (300 000 lb) 


Figure 83. Compression panel test - 2.224 MN (500 000 lb) 
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Figure 84. Compression panel test - failure mode 


Following is a summary of significant events during the test: 


MN 

(10 3 lb) 

Maximum 

Strain 

Equivalent G 
Force 


.890 

(200) 

.0012 

oo 

-Cr 

Audible noises 

1.334 

(300) 

.0019 

1.26 

Titanium skin 
began buckling 

3.959 

(890) 

. 007* 

3.75 

Panel failed at 
100% ultimate load 


•Extrapolated value. No strain data were obtained at failure. 

Investigations conducted after this test and described in Section 
6. 2. 2. 3 resulted in the selection of an alternative adhesive to prevent 
premature buckling of the titanium skin. Both the environmental testing 
and the structural testing conducted in this phase of the study provided 
results demonstrating the compatibility of the selected LFC surface panel 
design with the anticipated operational environment for future LFC 
transports . 
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Fatigue 


The objective of this test was to investigate the durability of a 
typical section of the LFC wing panel, including effects of foreign object 
damage and a large simulated crack. The test specimen was the third LFC 
surface panel, shown in Figures 71 and 72. The panel was instrumented with 
50 axial strain gauges. Acoustic emission (AE) transducers were mounted on 
the panel and monitored throughout the test. 

After assembly of the panel and end fittings, the panel was exposed for 
100 days to 95$ relative humidity at 68 C (180 F) . This exposure resulted 
in a moisture level of over 1$. A strain survey showed good load 
distribution . 

Before beginning the fatigue test, the panel was subjected to foreign 
object damage. The panel was loaded to 2.22 MN (500 000 lb) in tension and 
impacted with a 1.27 CM (0.5 in) diameter aluminum ball traveling at 61 
m/sec (200 ft/sec). The test arrangement with the impact gun in place is 
shown in Figure 85. 

The surface panel was subjected to the equivalent of two lifetimes 
using a loading spectrum based on the L— 1 011 lower wing surface. Each 
lifetime includes 18 000 simulated flights applied as flight-by-flight type 
loading. Each lifetime includes 218 ? 000 cycles with the panel subjected to 
the limit stress level of 229.6 MN/rn (33.3 KSI). 

After the second lifetime, a 15.2 cm (6 in) slot perpendicular to the 
centerline of the hat was cut completely through the center of the panel to 



Figure 85. LFC surface panel No. 3 with impact gun 
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simulate a crack. The panel was fatigue tested for an additional 1440 
flights and tested for residual strength. 

During fatigue testing, visual, ultrasonic, and enhanced radiography 
inspections were conducted at the following intervals: 

(1) Initial strain survey 

(2) 3600 flights 

(3) 9000 flights 

(4) 18,000 flights 

(5) 27,000 flights 

(6) 36,000 flights 

(7) Strain survey after damage 

(8) 720 flights after damage 

(9) 1440 flights after damage 

In addition, the specimen was visually inspected while cycling. No 
damage was detected at any time up to 36 000 flights (2 lifetimes). After 
approximately the first half-life of cycling, an increase in minor acoustic 
events was detected in the rib clip area. Thereafter, a detailed inspec- 
tion was conducted in this area at each inspection cycle. No damage was 
detected by any of the above procedures. 

Inspection by enhanced X-ray after the strain survey following the saw 

cut revealed some matrix cracking at each end of the saw cut. It was 

generally limited to a few of the 45 fiber bundles and did not extend more 
than 1.91 cm (0.75 in). No delamination was detected by either X-ray or 
ultrasonic inspection. Visual inspection showed a fracture forming in the 
titanium skin at the saw cut tip after only 100 flights. Ultrasonic 

inspection after 720 flights revealed two small areas of suspected 
delamination. Neither was over 1.91 cm (0.75 in) in diameter. One was 

adjacent to the center of the cut at the slot duct, the other adjacent to 
the lower saw cut tip but not in the crack extension area. Enhanced X-ray 
did not confirm either suspected delamination. After 1440 flights, the 
crack in the titanium skin extended to 2.16 cm (0.85 in) at the lower tip 
and 1.47 cm (0.58 in) at the upper tip. Neither X-ray or ultrasonic 
inspection inndicated any delamination under the crack extension. Matrix 
cracking along fiber bundles continued slightly in front of the crack tip 
in the titanium. 

After completion of the fatigue testing, a tension load of 1.92 MN 
(430 000 lb) was applied to the panel in a residual strength test. This 
loading produces a stress level of 269.62MN/111 (39.1 KSI), which compares 

to a maximum stress level of 22 9.6 MN/m (33.3 KSI) at limit load. The 
test was monitored with both strain gauges and AE equipment. 
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The graphite/epoxy outer skin crack grew from the saw cut damage of 
15.2 cm (6 in) to approximately 35.6 cm (14 in). Hats two and four inboard 
legs disbonded from the outer skin for a range of 15.2 cm to 30.5 cm (6 to 
12 in) The titanium surface cracked for about 7.6 cm (3 in) on each side 
of the saw cut with some associated disbonding. Figure 86 illustrates both 
crack growth and areas of delamination resulting from the test. 

The loading cycle for 1440 flights equals 7200 flight hours, or 1.8 
years, of simulated airline service. That the crack did not grow in the 
graphite/epoxy during this cycling and the crack in the titanium skin grew 
less than 2.54 (1 in), verified that this is a controlled slow-crack-growth 
type of structure. In addition, the higher-modulus titanium surface 
cracked ahead of the graphite, therefore, a visual inspection would show 
local hot spots in the substructure. No cracks started in other areas of 
potential concern, such as the metering holes, the impact area, and the rib 
clip fasteners. 

The residual strength test verified that the crack did arrest, the re- 
maining structure would still possess appreciable load-carrying ability, 
and that design features such as low-modulus crack-arrestment strips are 
not necessary for the LFC wing surface design to satisfy FAA damage 
tolerance criteria. 



Figure 86. Delaminated area indicated by ultrasonic inspection 
after residual strength test 
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6.2.3 Leading-Edge Development 


There is general concurrence that the design and fabrication of the 
leading-edge region represents one of the most challenging problems 
attending the development of operational LFC aircraft. Investigations 
summarized in the preceding section were directed toward the development of 
LFC surface panels representative of the mid-chord region of LFC wings, 
with little attention devoted to the solution of problems peculiar to the 
leading edge. The activities summarized in this section had the dual 
objectives of: 

(1) Performing the design, manufacturing development, fabrication and 
test activities required to define procedures for LFC leading-edge 
development, and 

(2) Providing a fully functional leading-edge test section for sub- 
sequent evaluation of cleaning and suction systems in low-speed 
wind-tunnel tests. 

This section is limited to a description of leading-edge section 
development. Wind-tunnel testing of the resultant leading-edge section is 
described in Section 6.4.4. 

The configuration of the leading-edge selected for development is based 
on the wing defined for the 1993 LFC transport and described in Section 
6.1. The leading edge is a constant-chord section, representative of the 
baseline wing at 98% semi-span. The chord of the leading-edge specimen is 
41.4 cm (16.3 in), with an airfoil thickness at the front spar of 25.4 cm 
(10 in) . 

6.2.3. 1 Concept Evaluation 

At the first phase in the development of an LFC leading-edge section 
alternative design concepts were evaluated. For the purpose of the concept 
evaluation and selection procedure, it was not necessary to design the 
complete leading-edge section. Rather, only the upper surface panel of the 
leading edge was used for the evaluations. This element was selected for 
the following reasons: 

(1) This panel has the most stringent slot spacing requirements in the 
leading-edge region. 

(2) This panel is subjected to the highest air loads. 

(3) This panel is the largest of those in the leading-edge section. 

(4) Smoothness criteria are most critical in the region of this panel. 

Following are the major guidelines established for the concept evalua- 
tion procedure: 

(1) Use the airfoil developed for the 1993 baseline configuration and 
described in Section 6.1. 

(2) The panel must be compatible with two levels of suction flow 
metering. 
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(3) Slots in the panel are parallel to the 0.5 % chord line. 

(4) The panel must accommodate slot pitch variations from 1.57 cm (0.62 
in) to 12.7 cm (5.0 in). 

(5) The panel must accommodate slot width variations from 0.008 cm 
(0.003 in) to 0.025 cm (0.010 in). 

(6) The panel must accommodate a slot duct depth of 0.20 cm (0.08 in) 
and slot duct widths ranging from 0.38 cm to 0.76 cm (0.15 in to 
0.30 in). 

(7) The maximum ^pressure differential across the panel was assumed to 
be 20.7 kN/m (3 psi). 

(8) The upper surface panel must attach to the front spar. 

Evaluation Procedure 

The conceptual panel designs were evaluated relative to the following 
criteria : 

(1) Surface smoothness 

(2) Suction duct efficiency 

(3) Weight 

(4) Cost 

(5) Integrity and reliability 

(6) Manufacturing 

(7) Repairability 

The concept evaluation was conducted in two phases. During a preliminary 
phase, nine design concepts were evaluated. On the basis of this prelimi- 
nary evaluation three of the concepts were eliminated. The remaining six 
concepts were redesigned in an attempt to minimize the design deficiencies 
revealed by the evaluation. 

Concept Descriptions 

Figures 87 through 92 show the conceptual designs subjected to the 
final phase of the evaluation. Following is a brief description of each 
concept . 

Concept No. 1 - This concept, shown in Figure 87, uses graphite/epoxy 
inner and outer skins and collector ducts, sandwiching aluminum honeycomb 
core. Filler material of lightweight Kevlar (syntactic tape) forms the 
slot ducts. The outer face sheet is titanium. 
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Concept Wo. 2 - This concept is shown in Figure 88. This concept 


employs titanium inner and 
graphite/epoxy ducts. 

outer 

face 

sheets , 

supported by 

spanwise 

- 

Concept No. 3 - Figure 

89 

shows 

that 

this concept 

employs 

Jt 


graphite/epoxy woven fabric for the inner skin and corrugated inner and 
outer ducts. The outer face sheet is titanium. 


Syntactic tape 


Outer skin 
titanium 



G/E 


Figure 87. Concept No. 1 - graphite/epoxy skin, duct and aluminum honeycomb 


/- Outer skin 
titanium 


/ 



titanium 


Figure 88. Concept No. 2 - graphite/epoxy spanwise ducts with titanium face sheets 
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Concept Wo, 4 - As shown in Figure 90, this concept uses inner and 
outer face sheets of titanium. The slot ducts and collector ducts are 

formed by graphite/epoxy pultrusions. Face sheets and ducts are bonded 
into the outer panel with aluminum honeycomb core between the ducts. This 
thin panel is supported by chordwise stiffeners of graphite/epoxy. 


Concept No. 5 - For this concept, graphite/epoxy face sheets are bonded 
to aluminum honeycomb core, as shown in Figure 91. Slot ducts are formed 
by syntactic tape used as filler material. The collector ducts are formed 
by rounded hats made of graphite/epoxy bonded to the inside of the honey- 
comb panel. The honeycomb core is potted at all metering holes. The outer 
face sheet is titanium. 


Outer skin 



Figure 89. Concept No. 3 - corrugated graphite/epoxy skins and ducts 


r Outer skin 
/ titanium 



Inner skin 
G/E woven fabric 

Figure 90. Concept No. 4 - titanium skin, graphite/epoxy duct bonded 
in honeycomb, on stiffeners 
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/-Outer skin 
titanium 


i 



G/E 


Figure 91. Concept No. 5 - honeycomb panel with external ducts 


Concept No. 6 - The graphite/epoxy outer skin is supported by a corru- 
gated graphite/epoxy inner duct skin, as shown in Figure 92. The panel is 
supported by chordwise graphite/epoxy hat stiffeners. The slot ducts are 
formed by syntactic tape used as a filler material. The outer skin is 
titanium. 

Concept Selection 

In the final evaluation of the six candidate concepts and selection of 
a single concept for further development, each concept was evaluated 
relative to the previously defined criteria by appropriate evaluators in 
each area. All concepts were given a score ranging from 0 to 10. Each 
evaluator was required to comment on any scores between 0 and 3 and between 
7 and 10. The purpose of this requirement was twofold: 

(1) For the low scores, to ensure that a simple redesign would not 
eliminate the problem areas. 

(2) For the high scores, to investigate the possibility of incorporat- 
ing these features into other designs. 

Table 19 gives the results of the final evaluation. As shown in this 
table, concept no. 1, the graphite/epoxy, aluminum honeycomb design, 
received the highest total score by a significant margin. This concept 
ranked first in every area except "duct efficiency" and "surface smooth- 
ness," and had high scores in those areas. Therefore, this leading-edge 
design concept was selected for further development. 


122 


Outer skin 
/ titanium 




Stiffener - 
G/E 

Figure 92. Concept No. 6 - graphite/epoxy corrugated panel support on G/E stiffener 
TABLE 19. LFC LEADING-EDGE CONCEPT EVALUATION 

Concepc 1 2 3 4 3 6 - 


Weight 8 2 
Cost 9 8 
Integrity 8 5 
Manufacturing 7 7 
Repairabi L ity 6 4 
Duct Efficiency 8 10 


Surface 

Smoothness 


7.5 


6.5 


5.5 


Total Score 53.5 42.5 


37 


36 


41 36.5 


Rank 
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6. 2. 3. 2 Design 

Figure 93 is a perspective drawing showing the structural arrangement 
of the leading-edge section and the method of attachment to the front spar. 

The section is fabricated in two panels, a fixed upper/nose panel and a 
hinged lower panel which provides access for maintenance and adjustment of 
the suction and washing systems. The substructure consists of two full- 
length diaphragms. These members provide support for the covers and form 
the boundaries of the upper and lower surface trunk ducts. All leading- 
edge components are of sandwich construction with graphite/epoxy face 
sheets and corrosion resistant aluminum honeycomb core. A thin gauge 
titanium skin, bonded to the surface panel outer face sheet, contains the 
required suction slots and also provides environmental protection for the 
composite structure. Details of the leading-edge section and a single 

suction duct are given in Figures 94 and 95. Table 20 gives pertinent slot 
and metering hole dimensions. 

6. 2. 3. 3 Manufacturing Procedures 

Figure 93 identifies the following structural components of the 
leading-edge section: 

(1) Collector ducts 

(2) Upper/nose and lower surface panels 

(3) Forward and aft diaphragms 

(4) Diaphragm attachment fitting. 

The discussion which follows summarizes the final procedures developed 
for the fabrication of these components. 



Aft diaphragm 

/ . Upper surface 


Nose panel .. 


Fwd diaphragm 


Figure 93. Leading-edge strucfural concept 
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Outer face ° uter skin 
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TABLE 20. SLOT AND METERING HOLE DIMENSIONS 
FOR LEADING-EDGE SECTION 


Slot 

S 


Slot 

Width 

Metering 

Hole 

Diameter 

Metering 

Hole 

Spacing 

No, 

cm 

in 

cm 

in 

cm 

in 

cm 

in 

U9 

3.165 

1.246 

0.0145 

0.0057 

0.102 

0.040 

0.64 

0.25 

U8 

17.527 

5.538 

0.0107 

0.0042 

0. 102 

0.040 

0.64 

0.25 

U7 

20.985 

8.262 

0.0094 

0.0037 

0.089 

0.035 

0.51 

0.20 

U6 

25.090 

9.878 

0.0081 

0.0032 

0.089 

0.035 

0.51 

0.20 

U5 

27.795 

10.943 

0.0069 

0.0027 

0.089 

0.035 

0.51 

0.20 

U4 

29.688 

11.688 

0.0069 

0.0027 

0.089 

0.035 

0.51 

0.20 

U3 

31.341 

12.339 

0.0069 

0.0027 

0.089 

0.035 

0.51 

0.20 

U2 

32.916 

12.959 

0.0069 

0.0027 

0.089 

0.035 

0.51 

0.20 

U1 

34.491 

13.579 

0.0069 

0.0027 

0.089 

0.035 

0.51 

0.20 

R3 

36.180 

14.244 

— 

— 

0.089 

0.035 

0.51 

0.20 

R2 

37.869 

14.909 

— 

— 

0.089 

0.035 

0.51 

0.20 

R1 

39.558 

15.574 

— 

— 

0.089 

0.035 

0 o 51 

0.20 

W1 

41.247 

16.239 

0.0069 

0.0027 

0.089 

0.035 

0.51 

0.20 

W2 

40.790 

16.059 

0.0069 

0.0027 

0.089 

0.035 

0.51 

0.20 

W3 

38.250 

15.059 

0.0069 

0.0027 

0.089 

0.035 

0.51 

0.20 

W4 

37.640 

14.819 

0.0069 

0.0027 

0.089 

0.035 

0.51 

0.20 

W5 

36.065 

14.199 

0.0069 

0.0027 

0.089 

0.035 

0.51 

0.20 

LI 

34.491 

13.579 

0.0069 

0.0027 

0.089 

0.035 

0.51 

0.20 

L2 

32.916 

12.959 

0.0069 

0.0027 

0.089 

0.035 

0.51 

0.20 

L3 

31.341 

12.339 

0.0069 

0.0027 

0.089 

0.035 

0.51 

0.20 

L4 

29.766 

11.719 

0.0069 

0.0027 

0.089 

0.035 

0.51 

0.20 

L5 

28.191 

11.099 

0.0069 

0.0027 

0.089 

0.035 

0.51 

0.20 

L6 

26.543 

10.450 

0.0081 

0.0032 

0.089 

0.035 

0.51 

0.20 

L7 

24.270 

9.555 

0.0081 

0.0032 

0.089 

0.035 

0.51 

0.20 

L8 

22.032 

8.674 

0.0081 

0.0032 

0.089 

0.035 

0.51 

0.20 

L9 

18.687 

7.357 

0.0094 

0.0037 

0.089 

0.035 

0.51 

0.20 

L10 

13.508 

5.318 

0.0107 

0.0042 

0.102 

0.040 

0.64 

0.25 

LI 1 

3.142 

1.237 

0.0145 

0.0057 

0.102 

0.040 

0.64 

0.25 
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Collector Ducts 


The collector ducts are 0.76 cm (0.30 in) square tubes. In the 
fabrication of these ducts, Ferro E293/120 fiberglass prepreg was wrapped 
around small rubber mandrels, loaded into a machined cavity, and cured. 
Expansion of the rubber provided the cure pressure. The ducts were cut 
into sections and plastic slugs were inserted to form dams at the desired 
intervals. Collector duct segments were bonded into full-span lengths prior 
to layup in the part. Figures 96 and 97 illustrate the collector duct 
tooling and wrapping of fiberglass prepreg. 



Figure 96, Collector duct tools 



Figure 97. Collector duct prototype tool try 
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Surface Panels 




The major problem encountered in fabrication of the leading-edge • 

surface panels was the development of tooling to produce the small slot 

ducts required in the panel. Due to the extremely small size of the duct, 
the slot duct form cannot be readily machined or fixed into the tool. A 
unique method was devised to handle the offset and the slot duct former. A ^ 

reverse image of the slot duct is machined in a 0.318 cm (0.125-in) sheet 

of 6061-T6 aluminum alloy. Only 0.051 cm (0.020 in) thickness is left 
between the slot ducts. Placement of the slot ducts is extremely accurate, 
since they are located by the machine. After the entire outer surface is 
machined, the aluminum sheet is removed and annealed. Figure 98 shows the 
slot duct former sheet with the first glass ply laid up to the tool. 

Fabrication of the leading-edge surface panels begins by laying up one 
ply of a high tack fiberglass prepreg (Cordo E293/120) to the slot duct 
former tool. The four plies of graphite fabric were positioned on the tool 
ensuring that no voids were formed at the slot duct edges. Figure 99 


Figure 98. Slot-duct former tool with the first ply of fiberglass prepreg in place 


Figure 99. Graph ite/epoxy fabric outer face sheet being formed to tool 
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illustrates the procedure. It should be noted that the graphite fabric was 
laid up in a -45° orientation. The slot-duct former tool with the outer 
skin was then folded into the leading edge mold as shown in Figure 100, 
which was possible due to the annealed condition of the former sheet. It 
was positioned into the tool and pinned to prevent slippage. Figure 101 
shows installation of the air ducts and core. Following this, the outer 
face sheet was laid up over the core and the part was bagged for autoclave 
cure. The entire assembly was cocured in one step. Fabrication of the 
lower surface was accomplished in a similar manner. 

Diaphragms 

Diaphragms were produced by cocuring graphite/epoxy fabric over honey- 
comb core blankets which were machined to detail dimensions. After cure, 
the detail parts were trimmed to size for assembly. 


Figure 100. 


Figure 101. 



Outer face sheet and slot former tool molded into the leading-edge tool 



Leading-edge fool and part showing air duct and honeycomb 
core installation 
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Diaphragm Attachment Fittings 

The four-legged attachment angle tool consisted of a machined female 
aluminum plate representing the inner surface of the leading edge at the 
attach point. Two aluminum form blocks were used to form the outer angles, 
while a center rubber plug formed the center angle. Graphite/epoxy fabric 
was laid up over the tool details, the tool assembled, and the part auto- 
clave cured. Figure 102 shows the tool and the resultant fitting. 

Leading Edge Assembly 

Prior to assembly it was necessary to drill approximately 7000 metering 
holes from the slot ducts into the collector plenum. Extremely clean holes 
were required with no fraying or splintering. These holes were from 
0.089 cm (0.035-in) diameter to 0.127 cm (0.050-in) diameter, spaced on 
0.51 cm (0.20 in) centers. Solid carbide circuit board drills were used in 
both a high-speed modeler’s drill press and a hand-held portable drill. 
Drill speed was 8000 to 10 000 rpm. On a larger article, automatic 
drilling equipment would be used. For a single article, it was faster to 
drill manually using a template. 

After drilling the metering holes in the slot duct, the four-legged 
angle was attached and the outer surface prepared for bonding by vacu- 
blasting. The vacublast operation removed any fuzz from the metering 
holes. The titanium skin was rolled to shape and cleaned. 



Figure 102. Four-legged upper surface attach angle tool and molded part 
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The leading edge and roll-formed titanium ready for bonding are shown 
in Figure 103. Bonding was accomplished in the same tool in which the part 
was originally molded with the slip sheet deleted. 

Slotting 

After bonding, the upper surface/nose panel was attached to an assembly 
jig representing the front beam. Internal diaphragms and the lower surface 
were installed. The entire assembly was mounted on a rotary table for 
positioning during slotting. Slotting was accomplished with 0.008 cm to 
0.013 cm (0.003 in to 0.005 in) high-speed steel jewelers saws. Figure 104 
shows the setup used. After the slots were cut, the unit was removed from 
the assembly jig and cleaned. 

For the test article, the maximum measured slot down step was 0.0091 cm 
(o.0036 in), which compares to an allowable downstep of 0.0173 cm (0.0070 
in). Some slot closure was observed. This closure is a result of 
relieving residual stresses. These residual stresses could be produced by: 

0 The rolling process used for the titanium skin 

o The procedure used for bonding the titanium skin to the leading 

edge 

o The graphite/epoxy bonding/tooling/bagging process 

Further manufacturing development in subsequent programs will address 
this slot closure problem. 

Sunnary of Manufacturing Procedures 

(1) The collector ducts and outer panel skin are cured separately. 

(2) The outer skin, collector ducts, honeycomb core, and inner skin are 
laid up in the contour tool and cocured. 

(3) The diaphragms and diaphragm attachment fittings are cured 
separately. 

(4) Metering holes are drilled in the slot ducts, the diaphragms are 
installed, and the titanium face sheet is bonded to the surface 
panel . 

(5) The titanium face sheet is slotted using a jeweler's saw. 

6. 2. 3.4 Testing 
Component Testing 

As a part of the development of the leading-edge test section, com- 
ponent tests were conducted as required to verify selected elements of the 
design. 
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Figure 103. Leading-edge structure and formed titanium skin ready for bonding 


Figure 104. Slotting of leading-edge test article 

Hinge Angle Shear Test - A portion of a tool-trial specimen of the 
lower surface panel of the leading-edge test section was tested in shear. 

Failure occurred by buckling of the honeycomb core at the edge of the tie 
down support as shown in Figure 105. 

The failure load of 2.41^kN (542 1£) is equivalent to a surface * 

pressure load of over 214 kN/m (31 ^Lb/in ), ^ompared to the maximum lower 
surface design pressure of 13.8 kN/m (2 lb/in ). 

Hinge Angle Tension Test - A portion of a tool-trial specimen of the 
lower surface panel was tested in tension. The test objective was to 

verify the structural capability of the hinge angle and panel joint. The 

specimen was tested in the Universal Test Machine using the arrangement 
shown in Figure 106. Failure occurred at 4.78 kN (1075 lb) by buckling of 

the honeycomb core below the first duct, as shown in Figure 107. The 

failure load was approximately eight times the maximum design load. 
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Figure 105. 


Hinge angle shear test failure mode 



. m. 



Figure 106. Arrangement for hinge angle tension test 


133 





Figure 107. Hinge angle tension test failure mode 


Four-Leg Attach Angle Te3t - The four-leg attach angle fitting used to 
attach the upper surface of the leading-edge test section to internal 
diaphragms was tested in tension. The objectives of this test were to 
determine the structural integrity of the fitting and the tension strength 
of the bond between the fitting and the upper surface panel. 

The test specimen was the end of the four-leg angle attached/bonded to 
a simulated upper surface panel. The simulated panel was an early manu- 
facturing development part. Failure occurred at 5.6 kN (1260 lb) at the 
duct in the skin panel at the support tiedown, as shown in Figure 108. 

The four-leg angle withstood more load than the upper surface panel can 
apply. The failure load of 5.6 kN (^1260 lb) ig equivalent to an upper 
surface pressure loading of 620.5 kN/m (90 lb/in )• 

Leading-Edge Proof Test 

The leading-edge section was loaded to simulate upper and lower surface 
pressures three times greater than the maximum expected during wind-tunnel 
testing. The chordwise pressure distributions applied are shown in Figure 
109. The distributions were uniform in the spanwise direction. No damage 
was detected during or after loading. 
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Figure 108, Four-leg angle tension test failure mode 


The leading-edge section was attached to an aluminum plate which was 
bolted to the vertical wall of the universal test frame. Attachment was 
such that the leading-edge section was in an inverted position. This 
allowed the lower surface to be loaded with lead shot and lead pigs. Pads 
were bonded to the upper surface, and loads were applied by three hydraulic 
actuators through linkage designed to provide the desired distribution. 
Part of the upper surface loading was applied by lead shot in the aft bay 
of the leading edge panel. Overall views of the test arrangement are shown 
in Figure 110. 

Acoustic emission (AE) techniques were used to monitor the test article 
to locate any damage that might occur during proo.f loading. The test 
article was monitored continuously during loading. Some general resin 
matrix cracking occurred, but the signal level was very low, indicating 
that microscopic size cracking occurred. No resin matrix microcracking of 
the type associated with delamination and splitting parallel to the fiber 
direction was directed. No fiber fracture was detected. 
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Figure 109. LFC leading-edge proof test load distribution 
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Figure 110. Loading arrangement details 
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6.3 LFC SUCTION SYSTEM 


6.3*1 Design Objectives 

The primary objective of the suction system design is to achieve effi- 
cient removal of the low-energy boundary layer air from the airfoil sur- 
faces as required to maintain laminar flow over the surface. A secondary, 
but equally important, objective is to design a system which is compatible 
with the structural design, manufacturing techniques and capabilities, low 
manufacturing cost, high reliability, and good maintainability. Accomplish- 
ment of the primary objective is dependent on removal of boundary layer air 
in a selective manner to prevent boundary layer transition. The required 
inflow of suction air is not uniform over the surface and the variation in 
local pressure over the airfoil surface necessitates various levels of 
suction pressure differentials in order to achieve the required local 
levels of suction. These constraints dictate that the suction surface and 
internal ducting be the subject of a careful design analysis in order to 
achieve the primary objective while maintaining compatibility with the 
secondary objective. 

6.3.2 Surface Configuration 

6.3.2. 1 Sensitivity Studies 

Prior to initiation of the suction surface slot configuration design, a 
better understanding of the slot performance sensitivities to the slot 
configuration was necessary. This required a method of assessing the slot 
design criteria as a function of slot configuration, wing geometry, and 
flight variables. Slot design envelopes were defined to aid in selecting 
slot configuration and were incorporated into wing surface design charts. 
Sensitivities of these design envelopes and design charts were assessed 
against variations in wing chord and cruise flight conditions. 

Design Criteria 

The suction slot design must provide slots having flow characteristics 
that are predictable, stable, uniform along the length of the slot, and 
free from surface flow disturbances. Criteria and limits for slot design 
were developed to meet these requirements during the X-21 program in the - 
early 1960 f s by NORAIR and are summarized in Reference 7. Unfortunately, 
supporting data are not well documented in the literature. When these 
criteria and limits are applied to the design of slots for the current 
airfoil requirements, mutually exclusive conflicts exist between the 
criteria. A strict application of the criteria and limits to define the 
surface slot configuration results in slot widths and spacings in the 
leading-edge region that are impractical, if not impossible, to manufacture 
on a production airplane. For these reasons, it is necessary to accept 
some compromises in these criteria and limits. However, the lack of suffi- 
cient supporting data precludes a sound and confident judgement of these 
compromises . 

These criteria are listed below with a brief description. The limits 
indicated are used as goals in the current study and are in general agree- 
ment with those of Reference 7. 
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0 


0W =^ : ‘•in.it: ^>0.0075 


This is a slot geometry/flow parameter. The limit is indicative of 
the extent of predictability of the slot flow characteristics. 

o w/z; Limit: 1.0 < w/z <1.4 

This parameter is the ratio of the slot width to the sucked height. 
The criteria limits are indicative of slot flow stability. For 
purposes of this study, an attempt was made to hold the value in 
the middle of the acceptable range (i.e., w/z = 1.2) insofar as 
practicable. 


o 


C 

ps 


AP slot 


q 


o 


Limit >0.02 


This parameter is defined by the slot pressure loss divided by the 
free stream dynamic pressure and is indicative of slot flow uni- 
formity, stability and slot pressure loss. 

o U /U ; Limit <0.30 
z e 

This parameter is the ratio of the velocity of the boundary layer 
flow at the sucked height to the velocity at the edge of the bound- 
ary layer. The upper limit was selected to limit the influence of 
suction on the stream flow outside the sucked boundary layer. It 
is desirable to maintain the value of this parameter as low as 
practicable . 

o R ; Limit <100 
w 

The slot Reynolds number is based on the slot width and flow condi- 
tions and is indicative of slot flow stability. In the leading-edge 
region, where the boundary layer is quite thin, other criteria, 
notably U /U dictate slot Reynolds numbers well below this limit. 
In the higher x/c regions, other criteria were consistent with an 
R above 100. It was concluded that the limit of 100 would be 
observed as far as practical, but R would be allowed to exceed 100“ 
where other criteria precluded reaching that limit. 


Design Envelope Derivation 


As a result of the complexities and interactive effects of the design 
criteria and the possibility of aircraft operation at other than basic 
design cruise conditions, a surface configuration sensitivity study was 
conducted to permit development of a design that would allow for off- 
design conditions. The basic approach adopted for this effort was to 
determine a design based on commonality of slot spacing and slot width over 
as much of the wing span as possible without violating any of the design 
criteria at off-design conditions. 


i 
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An analytical evaluation of the governing equations for the (3 , w/z, 
C and U /U slot design criteria showed that they may all be expressed in 
tErms of z slo\ Reynolds number, R , and slot width, w, for given airfoil 
surface boundary layer, airflow conditions, and distributed suction flow 
requirements. Similarly, the slot spacing, AC , is defined solely by slot 
Reynolds number, R , at these same surface aerodynamic conditions. An 
upper limit of R may, in turn, be defined by the upper limit of the bound- 
ary layer sucked* height velocity ratio U /U and the local boundary layer 
conditions. Thus, for a given location on an airfoil surface with defined 
surface aerodynamic conditions and suction rate, specific limiting value 
lines may be plotted for each of the slot design criteria as a function of 
R vs w, or, in the case of slot spacing, simply as a function of R . An 
example of such a plot is shown on Figure 111. 

AC - slot* spacing cm (in) 


3.0 5.0 10c0 50.0 100.0 
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The limiting values of these criteria in terms of R as a function of w 
are shown as solid lines with the direction of acceptable criteria varia- 
tions indicated by arrows. The intersection of the areas of acceptable 
criteria values is indicated by heavier lines and cross hatching on the 
figure. This area is referred to herein as a "Design Envelope" and is 
defined as the area on a criteria limit plot, or design chart, within whose 
boundaries all the criteria limits are satisfied for a specific surface 
location, airfoil geometry, flight condition, and distributed suction rate. 

The relationship between AC and R for these same conditions is shown as a 

n w 

phantom line on the figure * 

The design chart may be used to select a design configuration by 
choosing a slot spacing or a slot width that is compatible with structural 
or manufacturing requirements. The examples shown on Figure 111 reflect 
selection of convenient values for slot width and spacing. Selection of 
the higher point reflects a larger slot spacing, thereby requiring fewer 
slots on the airfoil. It also requires a wider slot, which is easier to 
manufacture and would be less sensitive to manufacturing tolerances and 
contamination. However, this point is very close to the U /U limit. The 
lower point is more desirable from a performance standpoint , ^ut requires 
twice as many smaller slots, which are undesirable from a manufacturing 
standpoint. For convenience, the upper point indicated by the open symbol 
on Figure 111 is referred to as a "production configuration". The lower 
solid point is referred to as a "performance configuration". 

Wing Surface Design Charts 


The design charts for the upper and lower wing surfaces for the mid- 
semispan location and design cruise condition are shown in Figures 112 and 
113. Only the design envelopes are shown for five chordwise locations from 
x/c = 0.01 to x/c = 0.70 with the other lines omitted for clarity. The 
performance and production design points, shown as shaded and open points 
respectively, are located for each of the x/c T s indicated. Although there 
are much larger design envelopes available, design points were chosen with 
emphasis placed on: 

(1) Commonality of design 


(2) w/z values from 1.0 to 1.4 

(3) C values as great as possible 

ps 

(4) U /U values from 0.2 to 0.3 

z e 

(5) In the case of the production oriented design, large slot widths 
and slot spacings but without minimum dimensional limits. 


It will be observed that nearly all of the design envelope for x/c of 
0.012 on the upper surface and all of the design envelope for x/c of 0.011 
on the lower surface are below reasonable slot width production manufac- 
turing capabilities. An upper R limit of 100 may only be achieved over a 
portion of the design envelopes beyond an x/c of 0.20 on the upper surface 
and none at the design envelopes above x/c of 0.20 on the lower surface. 
These mutual exclusions of slot designs by the existing criteria or manu- 
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- slof spacing-cm (in) 



facturing capabilities is one of the deficiencies of the existing criteria. 
In this case, the other criteria were allowed to take precedence over the 
R limit, and the sensitivity studies were conducted without manufacturing 
constraints . 

The design charts are unique to a given flight condition, airfoil, 
boundary layer, and suction flow. It follows that they are sensitive to 
variations within the cruise flight envelope and to various wing stations. 
This sensitivity defines the slot performance design margin for a given 
design at various spanwise locations and cruise flight conditions. 
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5.0 


AC - slot spacing-cm (in) 
n 

10.0 


50.0 


100.0 



The range of flight conditions evaluated in this study are presented in 
Table 21 and represent the range over which the aircraft might operate dur- 
ing cruise. Evaluations included consideration of the Cp characteristics 
and level changes and boundary layer characteristic changes for a fixed 
airfoil shape and distributed suction level. Data for spanwise variations 
in airfoil shape and Cp were unavailable at the time of the sensitivity 
study. In order to achieve maximum simplicity in a production airplane, 
the suction system will be optimized for cruise conditions and no provision 
will be made for differentially controlling the section distribution. 
Therefore, a fixed distributed suction level was considered appropriate for 
this sensitivity study. 
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TABLE 21. CRUISE ENVELOPE PERTURBATIONS 


Altitude 

Mach 

Chord 

Length 

m 

(ft) 


m 

(ft) 

12 192 

(40 000) 

0.80 

6.953 

(22.813) 

12 192 

(40 000) 

0.80 

7.416 

(24.330) 

12 192 

(40 000) 

0.80 

3.859 

(12.660) 

10 668 

(35 000) 

0.80 

6.953 

(22.813) 

13 716 

(45 000) 

0.80 

6.953 

(22.813) 

12 192 

(40 000) 

0.75 

6.953 

(22.813) 

12 192 

(40 000)* 

0.80 

6.953 

(22.813) 


* End cruise pressure distribution 

From these data, the following four conditions were generated for use 
as a "cause" to which the sensitivity trend "effect" was evaluated. 

(1) Spanwise location : This is a geometry variable consisting of move- 
ment outboard along the wing from 30% to 85% semispan locations, 
7. 416m and 3.859m (24.33 and 12.66 ft) chords, respectively. Care 
should be exercised in applying the trends indicated by this vari- 
able since the properties were independently evaluated for each 
spanwise location. In an actual airplane design, spanwise compro- 
mises in slot width, spacing, and slot runout would be necessary to 
achieve some degree of continuity, both aerodynamically and struc- 
turally, between various spanwise locations. 

(2) Altitude : The perturbation involved increasing flight altitude 

from 10 668m to 13 716m (35 000 ft to 45 000 ft) at a constant Mach 
number of 0.80. 

(3) Mach number : This variation evaluated the trend as a result of 

decreasing the cruise Mach number from 0.80 to 0.75 at a constant 
altitude of 12 192m (40 000 ft). 

(4) Start to end cruise : This perturbation was included to investigate 
the trends due to mission progression from start to end cruise 
condition at 12 192m (40 000 ft) and 0.80 Mach number. 
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These variations were considered in designing the slot configuration 
for the basic design cruise condition by evaluating the configuration for 
the changes in criteria. Through this approach, the slot configuration 
design was modified to equalize the compromises to the various criteria. 
The relative change in the actual values of the criteria parameters for a 
fixed design point due to the flight perturbations is of major interest. 

The fixed design point trend presented in Table 22 is in the form of 
percentage change in the actual criteria- parameter (C , w/z, U /U g , R ) 
values due to the previously defined variables. The percentage cnange was 
calculated by the difference fn the final and initial values divided by the 
initial value. Upper and lower surfaces are listed separately for C , 

w/z, and U /U . However, the change in R is the same for both upper End 

lower surface e and are combined in the tab'le under the heading of "Both." 
It should be remembered that the criteria values were evaluated for con- 
stant slot width, slot spacing, and x/c location. 

Relative to the defined limits, increasing values of C and w/z and 
decreasing values of U /U and R are desirable. Using thes^^round rules, 
evaluation of Table 22 z anH the indicated figures show the following trends: 

(1) Due to the complexity of slot position as a function of x/c loca- 
tion as spanwise movement is encountered, the trends toward accept- 
able/unacceptable criteria margins due to spanwise movement is 
uncertain and additional analysis is needed to define these trends. 


However, if this geometry perturbation is considered as the cri- 
teria margin trend due to a change in chord length of 7.415m down 
to 3.840m (24.33 ft down to 12.6 ft), or approximately 2 to 1 , some 
interesting trends, or lack of trends, are observed. Preliminary 
observations indicate a change of only 1155 to 13% in criteria 
margins for w/z and U /U with no change in criteria margins for 
R ,p and C . This trencf of negligible changes in .criteria values 
for 'a fixecP-design condition with reducing chord length indicates 
that a short-chord validator might be feasiblle in the selection of 
a flight vehicle for that phase of the program. 


(2) Increasing altitude offered improved C , U /U , and R margins, 
but reduced the w/z margin. Conversely, debr^asing altitude re- 
duced C , ^ z / ^ e ’ anc * m a r gi ns * while improving the w/z margin. 

(3) The percentage changes due to decreasing Mach number are so slight 
on all four criteria that variation of this flight condition will 
probably have negligible effects on the overall performance of the 
LFC system. 


(4) Criteria margins from start to end cruise appear to vary differ- 
ently, even over the upper and lower surfaces. The changes in w/z, 
U /U , and R are very slight, and probably will not significantly 
change during the mission. The C margin, however, appears to in- 
crease on the lower wing surface p while decrasing at a faster rate 
on the upper wing surface. Indications are that, at the end of 

cruise, C values on the upper wing surface could become critical, 
ps 
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TABLE 22. FIXED DESIGN POINT MARGIN SENSITIVITY TREND 



C 

PS 

w/ z 


U 

z 

/ u 

e 

R 

w 

Surface 

Upper Lower 

Upper 

Lower 

Upper 

Lower 

Both 

Spanwise location 
(Decreasing Chord) 

N/C 

N/C 

+ 11 

+ 13 

+ 11 

+ 13 

N/C 

Increasing Altitude 

+27 

+22 

-18 

-13 

- 6 

-13 

-37 

Decreasing Mach number 

- 2 

+ 3 

+ 2 

- 2 

- 4 

- 2 

- 5 

Start to end cruise 

-16 

+ 9 

+ 4 

- 5 

N/C 

- 3 

N/C 


6.3.2. 2 Surface Designs 

As a result of the previous sensitivity study and the design points 
determined on Figures 112 and 113, Figures 114 and 115 were developed to 
graphically illustrate both the production and performance oriented 
designs. The mid-span chord location with a chord length of 6.953m (22.813 
ft) was considered. The chordwise design region for both the upper and 
lower wing surfaces start at the first slot aft of the leading-edge clean- 
ing/deicing system region located at x/c = 0.01. The design region term- 
inates on the upper and lower surfaces at about x/c = 0.70 due to the 
standing shock wave and adverse pressure gradients located in this 
vicinity. The other spanwise locations considered in the sensitivity study 
are not included due primarily to the need for additional analysis to 
determine the best locations for terminating unnecessary slots. The 
formats of Figures 114 and 115 includes an x/c scale which is appropriate 
for approximating slot widths, spacings and criteria at other spanwise 
stations. However, spanwise airfoil and Cp variations are not considered. 

Production Oriented Design 

The production design illustrated by Figure 114 shows the outline of 
the airfoil shape as a function of both x/c and chord distance x. The 
suction slots are represented by marks internal to the airfoil outline. 
The external divisions signify different zones, an alpha character describ- 
ing a major zone distinguished by a constant slot width throughout, and the 
numeric character describing a sub-zone region of each major zone. The com- 
bined alpha-numeric zone corresponds to a line of slot performance data in 
the associated tables which follow. Each line of slot performance data in 
these tables corresponds to a specific x/c location, while the alpha- 
numeric zone represents a range of x/c locations. For analysis purposes, 
it was assumed that all slots located in a zone performed in a manner such 
that the table values reflect the average slot performance for that zone. 


i 

i 


4 
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Production oriented design geometry 

6.953 m (22.813 ft) chord 
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Figure 114. Production oriented wing surface design 
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Performance oriented design geometry 
6 953 m (22.813 ft) chord 
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Figure 115. Performance oriented wing surface design 
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Slot locations are not shown in zones A and P due to very small spacing in 
those regions. Table 23 lists both the geometry and performance of the 
upper surface for the 12 192m (40 000 ft), 0.80 Mach number cruise condi- 
tion. The column headings correspond to an alpha-numeric zone location 
(ZONE), chordwise (X/C) location, slot width (W) in inches, • slot spacing 
( ACN) in inches, slot Reynolds number (RW), the ratio of slot width to 
boundary layer sucked height (W/Z), the ratio of sucked-height velocity to 
boundary-layer edge velocity (UZ/UE) , slot geometry and flow parametere 
(BETA), and slot pressure loss coefficient (CPS). Similar data were 
generated for all of the variations in spanwxse location and cruise flight 
variations discussed in Section 6.3.2. 1. The lower surface geometry and 
performance are similarly illustrated on Figure 114 and listed for the 
design cruise condition on Table 24. 


TABLE 23. UPPER SURFACE PRODUCTION DESIGN DATA 

AUUude J (40 Z ft) MaCh N °' “ °- 8 ° Ch ° rd = (22^813 ft) 


/.ONE 

X/C 

W 

CN 

RW 

W/Z 

UZ/UE 

BETA 

CPS 

Al 

. 1 200-01 

.3500-02 

-6200+00 

,3393+02 

1351+01 

.2830+00 

.1684+00 

.6069-01 

A 2 

. IflCO-Ol 

.3500-02 

.6700+00 

.3074+02 

. 1328+01 

.2583+00 

. 1859+00 

.5821-01 

B1 

.2700-01 

. 5000-02 

.1120+01 

. A8A7+02 

.1295+01 

.2839+00 

.8252-01 

.4537-01 

B2 

.3700-01 

. 5000-0? 

. 1250+01 

. AA80+02 

.1204+01 

.2452+00 

.8929-01 

.4100-01 

B3 

•AOOO-Ol 

. 5000-02 

- 1250+01 

. 3979+02 

,1180+01 

.2133+00 

.1005+00 

.3456-01 

BA 

.6200-01 

. 5000-02 

.1750+01 

.3386+02 

.1165+01 

.1790+00 

.1181+00 

.2750-01 

Cl 

.7600-01 

.1000-01 

. 5000+01 

,9675+02 

.1270+01 

.2783+00 

.2067-01 

.2772-01 

C2 

.9200-01 

1000-01 

.5000+01 

.9675+02 

.1226+01 

.2678+00 

.2067-01 

.2756-01 

C3 

. 1000+00 

.1000-01 

.5000+01 

.9675+02 

.1202+01 

.2624+00 

.2067-01 

.2752-01 

m 

. 2000+00 

.1300-01 

.6000+01 

.1161+03 

.1249+01 

.2480+00 

.1325-01 

.2105-01 

02 

.3000400 

.1300-01 

.6000+01 

.1161+03 

.1213+01 

.2404+00 

.1325-01 

.2108-01 

03 

. 4000+00 

.1300-01 

.6000+01 

.1161+03 

.1195+01 

.2364+00 

.1325-01 

.2129-01 

DA 

.'000+00 

.1300-01 

.6000+01 

.1161+03 

.1163+01 

.2318+00 

.1325-01 

.2166-01 

05 

. 6000 . 00 

.1300-01 

.6000+01 

.1161 +03 

.1170+01 

.2331+00 

.1325-01 

.2202-01 

1)6 

.6500+00 

.1300-01 

.6000+01 

.1161+03 

.1188+01 

.2385+00 

.1325-01 

.2250-01 

07 

. 7000+00 

.1300-01 

.6000+01 

.1161+03 

.1183+01 

.2397+00 

.1325-01 

.2299-01 

Performance 

Oriented 

Design 







The performance 

or j ented 

design is 

illustrated in 

Figure 115 

in the 


same manner as the previous production configuration. Note the increased 
number of major zones corresponding to an increased variety of slot widths 
and the reduced slot spacing on both the upper and lower surfaces. The 
slots are not indicated in Zones A and P due to the very small spacing in 
those regions. Tables 25 and 26 list both the geometry and performance of 
the performance oriented upper and lower surface designs respectively for 
the 12 192m (40 000 ft) altitude, 0.80 Mach number cruise condition. 
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TABLE 24. LOWER SURFACE PRODUCTION DESIGN DATA 



Alt i tude 

12 192 
(40 000 

in 

It) 

Mach No. 

= 0.80 

Chord = 

6.953 m 
(22.813 ft) 


ZONE 

X/C 

W 

CN 

RW 

W/Z 

UZ/UE 

BETA 

CPS 

PI 

.1106-01 

. 3000-02 

.8750+00 

.2555+02 

.1363+01 

.2925+00 

.2610+00 

.4233-01 

P2 

.1760-01 

. 3000-02 

.9200+00 

.2560+02 

.1215+01 

.2393+00 

.2604+00 

.4546-01 

R1 

.2560-01 

. 4000-02 

.1500+01 

.3916+02 

.1296+01 

.2803+00 

.1277+00 

.3832-01 

R2 

.3510-01 

. 4000-02 

.1500+01 

.3607+02 

.1109+01 

.2185+00 

.1386+00 

.3502-01 

SI 

. 4640-01 

.6000-02 

.2300+01 

.4977+02 

.1352+01 

.2436+00 

.6697-01 

.1994-01 

S2 

. 5910-01 

. 6000-02 

. 2650+01 

. 5006+02 

.1249+01 

.2249+00 

.6658-01 

.2047-01 

S3 

. 7340-01 

. 6000-02 

.3250+01 

.5135+02 

.1186+01 

.2178+00 

.6491-01 

.2159-01 

S4 

.8910-01 

.6000-02 

.3250+01 

.4875+02 

.1107+01 

.1925+00 

.6838-01 

.2007-01 

S5 

. 1000+00 

. 6000-02 

.3250+01 

.4875+02 

.1077+01 

.1871+00 

.6838-01 

.2008-01 

T1 

. 2000+00 

.1500-01 

.1100+02 

.1650+03 

.1198+01 

.2799+00 

.8081-02 

.2145-01 

T2 

.3000+00 

.1500-01 

.1100+02 

. 1650+03 

. 1 186+01 

.2752+00 

.8081-02 

.2153-01 

T3 

.4000+00 

.1500-01 

.1100+02 

. 1650+03 

. 1094+01 

.2526+00 

.8081-02 

.2155-01 

T4 

.5000+00 

.1500-01 

. 1 100+02 

.1650+03 

. 1092+01 

.2507+00 

.8081-02 

.2158-01 

T5 

.6000+00 

.1500-01 

.1100+02 

.1650+03 

. 1056+01 

.2411+00 

.8081-02 

.2163-01 

T6 

.6500+00 

. 1500-01 

. 1 100+02 

.1650+03 

.1076+01 

.2449+00 

.8081-02 

.2168-01 

T7 

. 7000+00 

.1500-01 

.1100+02 

. 1650+03 

.1141+01 

.2465+00 

.8081-02 

.2087-01 


TABLE 25. UPPER SURFACE PERFORMANCE DESIGN DATA 



Altitude 

12 192 
(40 000 

ni 

ft) 

Mach No. 

= 0.80 

Chord 

6.953 m 
" (22.813 ft) 


ZONE 

X/C 

W 

CN 

RW 

W/Z 

UZ/UE 

BETA 

CPS 

Al 

.1200-01 

. 2000-02 

.3000+00 

.1642+02 

.1110+01 

. 1969+00 

.6091+00 

.1223+00 

B1 

.1800-01 

. 3000-02 

.3700+00 

.1834+02 

. 1473+01 

. 1996+00 

.3634+00 

.4742-01- 

B2 

.2700-01 

.3000-02 

. 5600+00 

.2424+02 

.1099+01 

.2007+00 

.2751+00 

.7002-01 

Cl 

.3700-01 

. 4000-02 

.8300+00 

.2975+02 

.1182+01 

. 1998+00 

.1681+00 

.4179-01 

C2 

.4800-01 

. 4000-02 

.1100+01 

.3501+02 

. 1006+01 

.2001+00 

.1428+00 

.5189-01 

D1 

.6200-01 

. 6000-02 

.2180+01 

.4218+02 

.1252+01 

. 1998+00 

.7902-01 

.2364-01 

02 

.7600-01 

.6000-02 

.2500+01 

.4838+02 

. 1077+01 

.1968+00 

.6891-01 

.2896-01 

El 

.9200-01 

. 7000-02 

.2800+01 

.5418+02 

.1146+01 

.2004+00 

.5273-01 

.2355-01 

E2 

. 1000+00 

. 7000-02 

.2900+01 

.5612+02 

.1105+01 

.1998+00 

.5092-01 

.2486-01 

FI 

.2000*00 

.9500-02 

.4000+01 

.7740+02 

.1118+01 

.2025+00 

.2720-01 

.2029-01 

F2 

.3000*00 

.9500-02 

.4000+01 

.7740+02 

. 1086+01 

.1963+00 

.2720-01 

.2041-01 

F3 

.4000+00 

.9500-02 

.4000+01 

.7740+02 

. 1069+01 

.1930+00 

.2720-01 

.2052-01 

F4 

.5000*00 

.9500-02 

.4000+01 

.7740+02 

. 1045+01 

. 1893+00 

.2720-01 

.2087-01 

F5 

.6000+00 

.9500-02 

.4000+01 

.7740+02 

. 1047+01 

.1904+00 

.2720-01 

.2123-01 

F6 

.6500+00 

.9500-02 

.4000+01 

.7740+02 

. 1063+01 

. 1948+00 

.2720-01 

.2168-01 

F7 

.7000+00 

.9500-02 

.4000+01 

.7740+02 

. 1059+01 

.1957+00 

.2720-01 

.2216-01 
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TABLE 26. LOWER SURFACE PERFORMANCE DESIGN DATA 

titude - do III ft) Mach No - = °- 80 chotd - ( 22 !en ft) 


ZONE 

X/C 

* W 

CN 

RW 

w/z 

UZ/UE 

BETA 

CPS 

PI 

.1106-01 

.2000-02 

.4100+00 

.1197+02 

.1327+01 

.2002+00 

.8354+00 

.5667-01 

R1 

.1760-01 

. 3000-02 

.9200+00 

.2560+02 

.1215+01 

.2393+00 

.2604+00 

.4546-01 

R2 

.2560-01 

. 3000-02 

. 1000+01 

.2611+02 

.1190+01 

.2289+00 

.2554+00 

.4936-01 

SI 

.3510-01 

.4000-02 

.1160+01 

.2789+02 

.1261+01 

. 1.921 +00 1 

.1793+00 

.2492-01 

S2 

. 4640-01 

.4000-02 

.1290+01 

.2792+02 

.1203+01 

. 1824+00 

.1791 +00 

.2526-01 

S3 

.5910-01 

. 4000-02 

.1480+01 

.2796+02 

.1114+01 

. 1680+00 

.1788+00 

.2575-01 

S4 

. 7340-01 

. 4000-02 

.1500+01 

.2370+02 

. 1164+01 

. 1480+00 

.2110+00 

.2115-01 

T1 

.8910-01 

.6500-02 

.3500+01 

.5250+02 

. 1156+01 

. 1998+00 

.5861-01 

.1848-01 

T2 

. 1000+00 

.6500-02 

.3500+01 

.5250+02 

.1124+01 

.1942+00 

.5861-01 

.1849-01 

ui 

.2000+00 

.1175-01 

.6670+01 

.1000+03 

. 1206+00 

.2180+00 

.1701-01 

.1423-01 

U2 

.3000+00 

.1175-01 

.6670+01 

. 1000*03 

.1193+01 

.2143+00 

.1701-01 

.1429-01 

U3 

.4000+00 

.1175-01 

.6670+01 

.1000+03 

.1101+01 

.1967+00 

.1701-01 

. 1430-01 

U4 

.5000+00 

.1175-01 

.6670+01 

.1000+03 

.1099+01 

.1952+00 

.1701-01 

.1432-01 

U5 

. 6000*00 

.1175-01 

.6670+01 

.1000+03 

. 1062+01 

. 1877+00 

.1701-01 

.1435-01 

116 

.6500+00 

.1175-01 

.6670+01 

. 1000+03 

. 1082+01 

. 1907+00 

.1701-01 

. 1439-01 

1)7 

.7000+00 

.1175-01 

.6670+01 

. 1000+03 

.1148+01 

.1920+00 

.1701-01 

.1385-01 


Surface Design Comparison 

It was recognized that the combination of the multiple design criteria 
available and the two design philosophies might result in conflicts whereby 
all the criteria could not be met concurrently. This incompatibility did 
occur in two instances and compromises between the conflicting criteria 
limits were implemented. One compromise occurred in the production 
oriented design concept where the slot Reynolds number was allowed to 
exceed the limit of 100 in order to hold C above 0.02 on both upper and 
lower wing surfaces from x/c of 20% to 70%? s This trend toward a higher R 
resulted directly from the production design philosophy of larger slo£ 
spacing. The other compromise occurred on the lower surface of the per- 
formance oriented design concept where C fell below 0.02 from x/c of 9% 
to 70% in order to hold R equal to or Xess than the limit of 100. This 
was consistent with the performance design concept of maintaining a more 

conservative R margin, 
w 

These two cases represent the extremes of the required range of com- 
promise. An ultimate selection would necessitate a tradeoff involving the 
magnitudes of performance penalties and production and maintenance costs 
associated with each. Presently there are no known data defining per- 
formance penalty or risk associated with R values in excess of 100 or C 
values below 0.02. Consequently, no meaningful tradeoff can be made. As 
pointed out earlier, both R and C appear to be primarily associated with 
local spanwise slot velocity distr?§ution and conservative or unconvention- 
al slot duct and metering design could possibly eliminate the necessity for 
any compromise. In any event, data are not available which would invali- 
date either design. 
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Comparison of the resultant criteria parameter values listed in Tables 
23 through 26 and the previously defined criteria limits indicates reason- 
able agreement. The parameter margins relative to the criteria limits im- 
ply the degree of insensitivity to deviations from the design cruise point 
of 12 192m (40 000) ft and 0.8 Mach number. Both designs show reasonable 
insensitivity to deviations at altitudes from 10 668m to 13 716m (35 000 ft 
to 45 000 ft) and Mach number variations down to 0.75. They are both rel- 
atively insensitive to changing conditions between start cruise and end 
cruise. The performance oriented design showed a higher degree of insen- 
sitivity than the production design. These observations are consistent 
with the philosophies of these two designs. 

The performance oriented design has generally smaller slots than the 
production design and is therefore more sensitive to slot tolerances. A 
nominal slot tolerance of -0.00127 cm (-0.0005 in) is anticipated to be a 
relatively ambitious goal for production airplanes in the 1990 time period. 

The effects of such considerations as flexure, Poisson's ratio and thermal 

+ + 

growth are expected to be quite low compared to the -0.00127 cm (-0.0005 
in) nominal slot tolerance assumed. These effects will generally be uni- 
form over large areas of the surface with gradual transitions. Therefore, 
highly localized effects are unlikely and analytical evaluations for cruise 
conditions should permit their accommodation by designing the slot and 
metering system for the cruise conditions. However, isolated manufacturing 
variations, contamination, erosion, and other operational considerations 
may exceed this value. If the nominal -0.00127 cm (-0.0005 in) tolerance 
is applied to all slots and converted to slot suction flow variations for 
both the performance and production configurations, the performance 
oriented configuration reflects a 40% higher flow sensitivity to this 
tolerance over the upper wing surface from approximately 10% to 70% x/c, as 
shown on Figure 116. This in itself is not of great concern, since the 
percentage of flow variation is small, but the isolated larger variations 
could be of concern, both because they are local in nature and they are of 
larger magnitude. These isolated larger variations are therefore more 
likely to cause delaminarizing slot flow disturbances on the performance 
design. The figure indicates that the small slots in the region forward of 
10% x/c are likely to be a problem for both configurations because of the 
high-tolerance induced slot flow variations. The performance design 
suction flows reflect a substantially higher sensitivity. The potential 
problem in this leading-edge region is increased by its vulnerability to 
contamination and damage, which could greatly amplify the flow variations 
over those shown on the figure. This leads to the observation that the 
performance design should be compromised toward the production design in 
this leading-edge region. 

In addition to the high sensitivity of the slots in the leading edge 
region to tolerances, the close spacing and small slot suction flows 
dictate that the metering system would similarly be scaled down from that 
of the 10% to 70% x/c region. Small slot ducts and metering holes will add 
their own increased production tolerance sensitivity, which will be greater 
for the performance design. 

The production oriented design requires a total of 82 slots over the 
upper and lower surfaces as compared to 122 total slots for the performance 
design. This represents nearly a 50% increase in the number of slots to 
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attain the greater margins of the performance oriented design. Some 
obvious drawbacks of this trend are that each slot will require a slot 
duct, metering system, and collector ducts, all of which contribute to a 
more costly and complex design. 

6.3.3 Suction Ducting System 

The suction ducting system is composed of a matrix of ducts to meter, 
collect and transport the suction flow from each surface slot to the 
suction pump. Desired distribution of suction flow over the wing surfaces 
is primarily controlled by the metering system contained within the airfoil 
surface structure. Further metering is included in collector ducting inte- 
gral with the structural members of the wing, with final collection occurr- 
ing in the trunk ducts formed by the wing leading-edge cavity. Trunk ducts 
convey the suction flow to the wing root, where additional ducting features 
provide necessary suction pump control capability. Ducting provisions for 
the suction pump are included in the discussion of suction system controls 
in Section 6.3.5. 

6.3.3. 1 Ducting Concept 

The ducting system for the baseline airplane has evolved over the 
course of this study based on both LFC system requirements and structural 
considerations. The resulting system concepts are compatible with both 
disciplines with relatively few compromises to either. The requirements of 
both disciplines divide naturally into leading-edge requirements and wing- 
box requirements. Somewhat different, although conceptually similar, con- 
figurations were developed for the mutual benefit of both disciplines. 
Thus, two basic types of configurations have beenn developed, one for the 
leading-edge region and the other for the wing-box region. 
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Leading-Edge Ducting 


The suction surface of the leading-edge region provides the entire 
metering system for the suction flow, as illustrated in Figure 117. The 
surface described in Section 6.2.3 consists of a slotted titanium skin 
bonded to a contoured continuous graphite composite structural skin with 
inner slot ducts pre-formed into the surface, the closing side of the duct 
being formed by the titanium skin. A pre-formed fiberglass collector duct 
is bonded to the underside of the graphite and another continuous graphite 
sheet forms the inner skin. 

Metering holes connect the slot duct to the collector duct and serve to 
distribute the slot flow uniformly along the slot. This metering prevents 
excessive slot flow variations that might otherwise occur as a result of 
slot width manufacturing tolerances and variations in external aerodynamic 
parameters. The diameter, d , and spacing S , of these metering holes must 
be selected to result in suction flow pressure losses approximating those 
of the slots. They must provide stable flow and controlled pressure dis- 
tribution in the slot duct that will limit slot flow variations to less 
than 1% across the slot lengths between metering holes. 


Slot 
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A second and final level of leading-edge suction metering is provided 
by metering holes from the collector duct to the leading edge trunk duct 
immediately inside the skin as illustrated schematically by the inset in 
Figure 117. This metering is provided to meet two requirements: the 
collector cavity pressure must be maintained at a uniform level to provide 
the proper discharge environment for the upstream slot metering holes, and 
proper flow metering must be provided downstream to match the local pres- 
sures within the respective trunk ducts. 

Wing-Box Ducting 

The slot suction metering concept in the wing-box region is essentially 
the same as that of the leading-edge region, although the actual configura- 
tion differs in several respects. For this surface, discussed in detail in 
Section 6.2.2, the titanium skin is bonded directly to a graphite composite 
structural skin. The structural requirements for this skin are such that 
the skin is relatively thick and therefore does not incorporate collector 
ducts in the same manner as the leading edge. The slot ducts are formed 
into the surface as shown in Figure 118, and the structural hat members 
bonded to the inner surface of the skin serve as slot collector ducts. The 
relatively large cross-sectional area contained within the hat-section 
cavity serves as a duct to carry the flow spanwise to a rib location where 
the flow is metered through orifices into chordwise ducts which are inte- 
gral with the wing rib caps. These chordwise ducts are located at inter- 
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vals along the wing. The hat ducts flow either inboard or outboard to the 
nearest chordwise duct as shown in Figure 119. The chordwise ducts convey 
the suction flow forward to a trunk duct, where the flows are metered to 
match the pressure existing locally in the appropriate trunk duct. 

Metering holes are drilled from the slot ducts into the hat-section 
collector ducts through the structural skin and serve the same function as 
those in the leading-edge region. Orifices through the forward leg of the 
hat section meter the flow from the hat duct into the chordwise ducts inte- 
gral with the rib caps. These metering holes serve to regulate the flow 
from spanwise segments of slot relative to that of other slots located 
within the same spanwise segment of the upper or lower box surface. Sep- 
arate chordwise ducts are included for the upper and lower surfaces, per- 
mitting different pressures in the two chordwise ducts at any wing station. 
Metering of the hat-duct flow into the chordwise duct for either the upper 
or lower surface is thus independent of the significant pressure differ- 
entials that exist between the two surfaces. 

The final level of wing-box suction flow metering is provided at the 
junction of the chordwise collector ducts with the leading-edge trunk 
ducts. Metering at this point maintains additional spanwise control and 
matching of upper and lower surface flows with the leading-edge flows. 
However, the primary requirements for the metering is to match the suction 
flow and the pressures within the collector duct to the pressures existing 
in the trunk ducts. Upper surface air flows into trunk duct C, shown 
schematically on Figure 117, while lower surface air flows into trunk duct 
B. The pressures within these trunk ducts are dictated by the requirements 
of the lowest-pressure suction flows entering them. The upper-surface 
leading-edge flows are metered directly into the trunk ducts. The surface 
pressures over the leading-edge region, therefore, dictate the pressures in 
these trunk ducts. 


Inboard 



(rib cap) 

Figure 119. Wing-box ducting system 


155 


6. 3. 3.2 Sensitivity Study 


An evaluation of the baseline system was accomplished to examine the 
sensitivities of the suction system performance to production and opera- 
tional tolerances. The objective was to quantify the influence of those 
variables predicted to be most critical and most likely to reveal any 
serious deficiencies in the baseline concept or identify potential design/ 
fabrication problem areas. The studies were centered around the effects 
which would most strongly influence the local suction flow at the wing sur- 
face, i.e., at the suction slots, since the magnitude and character of the 
flow into and through the slots represents a basic measure of the system 
viability. 

Sensitivity Study Geometry 

The system reference geometry upon which the sensitivity studies are 
based is defined in Table 27 and is representative of the baseline airplane 
upper wing-box surface, with the slot configuration representative of those 
in Section 6.3.2. 

To maintain acceptable flow control with the metering holes, it is 
necessary that the metering hole pressure losses be at least as high as the 
slot losses. Otherwise more control is allotted to the slots than to the 
metering holes. For use as a reference in the present sensitivity studies, 
the hole geometry was adjusted as indicated in Table 27 and Figure 120. The 
geometry provides holes of 0.21 cm (0.083 in) diameter spaced at 1.27 cm 
(0.5 in) intervals. These dimensions meet the maximum spacing-to-diameter 
ratio criteria for sharp-edged holes (s/d <6,0), as recommended in Refer- 
ence 7. As shown in the figure, the total surface pressure loss with this 
geometry is 358.53 N/m (0.052 psi), representing a total slot/hole 
pressure loss equal to approximately 3.25% of the wing surface local 
pressure . 

The effect of this slot metering hole geometry upon the slot flow 
velocity variation is favorable, as shown by Figure 121. This shows that 
the hole geometry appears to provide some possible margin for reduction of 
the slot duct depth, which would likely have a favorable effect on wing 
structural efficiency. 

Constant Spanwise Surface Effects 

The effect of utilizing constant slot width and metering hole diameters 
over a spanwise segment between chordwise collectors was analyzed for the 
slot metering hole geometry of Table 27. The analysis showed that, pro- 
ceeding downstream from the most upstream metering hole into the spanwise 
hat-section duct, a slight progressive decrease in hole diameter would be 
required to maintain a constant slot flow spanwise. The effect of utiliz- 
ing a constant hole diameter resulted in maximum slot suction flow devia- 
tion of less than 0.1%, occurring at the downstream exit end of a 76.2 cm 
(30 in) flow run in the hat-section duct. Although these flow variations 
are exceedingly small, the characteristics indicate that these variations 
would rapidly increase with increasing spanwise flow distance and become 
significant in tradeoffs establishing the best spacing between chordwise 
collectors. This indicates that if hat-duct flow lengths greatly exceed 
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76.2 cm (30 in), increases in metering hole diameters would be required at 
the locations farther from the collector duct. 

Dimensional Tolerance Effects 

Evaluations of the effects of dimensional tolerances were confined 
primarily to surface slot and metering hole deviations for a single slot 
and were assumed independently of any other deviations on the wing surface 
in either flow or pressure loss. In actuality, any change in slot flow re- 
sulting from dimensional deviations would be accompanied by a change in 
back pressure at the affected slots, tending to compensate to a degree for 
the dimensional deviation. Therefore, the dimensional deviation effects 
determined for single spanwise runs presented in this report are conser- 
vatively high relative to multiple-slot effects. Acceptability of single 
slot effects, especially if considered as affecting the total wing, would 
imply acceptability of multiple-slot effects. 

TABLE 27. TOLERANCE STUDY CONFIGURATION 


Slot configuration 

o Slot spacing = 15.24 cm (6 in) 
o Slot width = 0.0279 cm (0.011 in) 
o Skin thickness at slot = 0.0508 cm (.02 in) 


Metering configuration 

o Surface duct width = 0.3302 cm (0.13 in) 
o Height = 0.254 cm (0.01 in) 
o Metering hole spacing = 1.27 cm (0.5 in) 
o Diameter = 0.2108 cm (0.083 in) 
o Hole spacing to diameter ratio = 6 

o All holes same diameter at maximum offset from slot 
Internal Ducting 

o Subsurface spanwise flow is through structural hat sections 
o Hat section spacing * slot spacing = 15.24 cm (6 in) 
o Chordwise ducts located at alternate wing ribs - 
spacing = 152.4 cm (60 in) 
o Spanwise flow distance before chordwise collection = 

75.2 cm (30 in) 
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Hole diameter, d - cm (in) 

Figure 120 e Surface pressure loss characteristics 

The deviation effects of other ducting components, including the hat, 
chordwise, and trunk ducts, plus the hat and chordwise duct metering 
outlets, are also expected to be less than for the single-run slot/holes. 
Because of the relatively larger dimensions of these other components, the 
feasible tolerance ranges should represent a considerably smaller per- 
centage of the design nominal area per unit flow than would the tolerance 
ranges for the surface slot/holes. The slot back pressure deviations re- 
sulting from the accumulation of dimensional tolerances downstream of the 
spanwise hat section ducts could have significant effects upon the slot 
performance. 

Slot/Hole Tolerance Effects on Slot Flow - The evaluations assumed the 
slot/hole deviations to be constant between chordwise collectors and are 
summarized in Figure 122. Slot flow deviation data are presented for the 
separate effects of deviations in the slot and hole dimensions singly, 
while the other remains at the reference nominal. Although data are 
presented for a range of slot/hole tolerances of -30%, it is anticipated 
that the feasible tolerance ranges for the 0.0279 cm (0.011 in) nominal 
slots would be of much smaller magnitude. The -30% range is covered only 
to show the tolerance effect trends and to provide added emphasis that the 
tolerances must be closely controlled. Section 6. 3. 3-2 indicated that slot 
widths of 0.00508 to 0.00762 cm (0.002 to 0.003 in) were desirable in 
satisfying the slot criteria in the leading-edge region and a 30 % deviation 
in these slots would only be 0.00152 to .00229 cm (0.0006 to 0.0009 in). 
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Surface duct depth, h - cm (in) 



Hole spacing, s - cm (in) 


Figure 121. Surface duct/ metering hole geometry effects on slot velocity variation 


Figure 122(B) shows that the slot flow is quite sensitive to slot width 
tolerances. A 20% deviation in slot width results in an approximate 10% 
change in slot flow. Consequently, a -20% slot tolerance alone, excluding 
all other system effects, would require the wing surface boundary layer to 
be capable of tolerating a suction flow range of approximately 20% of 
design flow. For a given dimensional deviation, the hole effects are con- 
siderably less than the slot effects. A dimensional deviation that 
produces a -20% change in slot width would only produce a -2% change in 
metering hole diameter due to the larger dimension of the hole. This 
metering hole deviation would produce approximately a -2.5% deviation in 
slot flow or about 25% of the change for the same dimensional slot 
deviation. Comparison of the effects of negative tolerances and positive 
tolerances for both the slots and holes shows, as would be expected, that 
the flow is more sensitive to negative tolerances, though the difference 
between the negative and positive effects appear negligible for the holes. 
The effect of area deviations, shown in Figure 122(A), is essentially the 
same for slots and holes. The slot and hole dimensional tolerances are 
likely to be of the same order of magnitude. Consequently, slot width 
tolerances will be more critical than will hole diameter tolerances for 
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Slot flow deviation — percent 


A w and A d constant spanwise 
w and d deviating singly 


Slot 




Figure 122. Slot/hole tolerance effects comparison - percent dimensional deviations 
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feasible slot/hole geometries. This observation is based on the flow 
sensitivities for a reference geometry which produces equal pressure losses 
across the slot and the holes at nominal design flow. Any change in the 
relative slot and hole pressure drops would also result in a change in the 
relative flow sensitivities although further analysis showed that this 
afforded little relief to the high sensitivity to slot width deviations. 
The slot/hole tolerance effects on spanwise slot flow distribution were 
also investigated. It was found that the tolerances had little effect on 
the spanwise distribution discussed earlier. This characteristic is due 
primarily to the near plenum flow within the spannwise hat-section duct. 
Integration of the flow into the structural hat section is a major 
advantage in this respect. 

Slot/Hole Tolerance Effects on Slot Design Parameters - The combined 
effects of slot and hole tolerances on the slot design criteria parameters 
are shown in Figure 123. In this plot the 30% slot width tolerance is 
equivalent dimensionally to the 6% metering hole tolerance, thus putting 
equivalent tolerances into perspective for the study reference configura- 
tion. The slot design parameters are appreciably more sensitive to slot 
tolerances than to comparable hole tolerances. Of the parameters shown, 
is clearly the parameter most sensitive to slot tolerances. With the ex- 
ception of w/z, all slot parameters are more sensitive to negative toler- 
ances than to positive tolerances. It is interesting to note that negative 
deviations in slot width would have a favorable effect upon R , ft , and 
C . If deviations in slot width are less than the full distance' between 
cSflector ducts, there is an amplifying effect on the sensitivities of both 
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Figure 123. Slot/hole tolerance effects - criteria parameters 
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the local slot flow and the slot design parameters. This results from 
spanwise flow in the slot duct. The actual percent deviation in local slot 
flow may exceed the local percent deviation in slot width for short spans 
of deviating slot. This underscores the need to maintain uniformity in 
slot width. 

Hat Duct Exit Orifice Tolerance Effects - The tolerance effects 
presented previously excluded the effects of pressure loss at the transi- 
tion of the flow from the spanwise hat-section duct into the chordwise 
duct. The deviation data presented thus far assumed the pressure loss at 
this location to be zero. some pressure loss does occur here and, con- 
sidering the plenum characteristics of the hat-section duct and the con- 
sequent flat spanwise distribution of the slot flow, the utilization of a 
spanwise duct exit orifice for secondary flow control provides advantages. 
The flow for an entire hat-section flow run can be calibrated/adjusted with 
this orifice. For this study, a hat-section exit orifice loss of approx- 
imately 0.75% of wing surface pressure was assumed. 

Effects of the hat-duct exit orifice upon the sensitivities resulting 
from -30% surface slot width deviations are shown in Figure 124. Since the 
exit geometry has not been defined, and could be any one of several config- 
urations, the effects are presented as a function of selected design pres- 
sure loss at the exit orifice. From these data it appears that some ad- 
vantage might be gained from increasing the design exit orifice pressure 

loss above that of the baseline. An increase in the design loss would re- 
duce slot flow and R sensitivity to slot width deviations. C sensitiv- 

ity would be increased but, for negative slot width deviaticftis , the C 
effects would be favorable; w/z sensitivity would increase slightly. Tne 
desirability of increasing the design loss at the spanwise exit orifice 
depends upon a tradeoff between these sensitivities and other factors such 
as pressure loss effect on airplane performance, orifice configuration and 
envelope constraints, and orifice tolerance effects. In no case does it 
appear that any advantage would be derived from increasing the design loss 
above that equal to the surface slot/hole loss, or approximately 5% of wing 
surface pressure for the reference geometry used for this study. 

System Backpressure Effects 

A study was conducted to evaluate the effect of hat-section duct back- 
pressure upon the suction flow into the surface slots. The results of this 
evaluation, which are presented in Figure 125 for a range of surface slot 
and hole tolerances, show that the suction flow is extremely sensitive to 
hat-section pressure. Any variation in this pressure, which could result 
from inaccurate pressure loss predictions, tolerance buildup effects on 
pressure losses downstream of the hat-section flow exist, or instability of 
the pumping system pressure, could have serious effects upon suction flow 
rates. Therefore, the suction pump pressure must be accurately controlled. 
Access to second and third level metering at the spanwise hat-section exits 
and the chordwise collector exits to allow flow adjustments would be very 
advantageous. The design flow should be selected at some appropriate 
intermediate level within the allowable range. 
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Figure 124. Effects of hat-section duct outlet design on sensitivity to slot tolerances 


Wing Surface Local Pressure Effects 

Deviation of wing surface C from the design values may be either high- 
ly local, as in the case of siirface waviness, or may be extensive over an 
entire segment of spanwise slot length, such as might result from an angle 
of attack or airfoil contour deviation from the design. An analysis of 
these effects was conducted to evaluate the effect on slot flow. C devia- 
tions of -1% from design were assumed to affect varying lengths oP a slot 
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Figure 125* Spanwise hat-section pressure effects 


segment from an infinitely small length to a total slot segment length. It 
was found that local slot flows were much more adversely affected by short 
lengths of C deviation along the slot than by C deviations over a total 
slot segment* 3 length. It was also found that tl?e slot flow effects were 
much greater when spanwise flow in the slot duct was considered . Slot flow 
metering downstream of the slot duct controls the total slot flow such that 
an increase in slot flow of a portion of the slot segment length is accom- 
panied by a reduction in slot flow through the remainder of the slot 
length. Thus, where the C deviation exists, the percentage deviation in 
slot flow or criteria is p quite large. If spanwise slot duct flow is 
unrestricted, the slot parameter deviations are much larger, particularly 
for very short or very long exposures to deviating C . The portion of slot 
that is not exposed to the C deviation is most affected when most of the 
slot is exposed to the C deviation. 


From these data it is clear that the wing C levels must be well de- 
fined, the surface contours must be closely defined, and the tolerances 
must be accurately controlled. The surface must be designed with due con- 
sideration of slot warpage and misalignment and surface roughness in the 
region of the slots. Maintenance procedures and intervals for removing 
wing contamination are important considerations. 
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6. 3. 3. 3 Metering and Ducting Design 

The metering and ducting system concept envolved for the baseline air- 
plane is described and illustrated in Section 6-3-3-1- The surface meter- 
ing and ducting is divided logically into different but basically similar 
configurations for the leading-edge section forward of the front spar and 
for the wing-box section. These regions and the trunk ducting are 
described in this section. The fuselage and suction pump ducting is in- 
cluded with controls in Section 6.3.5. 

It was not the intention of this design to precisely evaluate and size 
the myriad of ducts and metering holes in the system that would be required 
for a production aircraft. Nor was it intended to conduct the trades 
necessary to optimize the numerous considerations evident from the fore- 
going sensitivity study. The objective of this effort was to size all com- 
ponents of the system sufficiently to assure suction system compatibility 
with other airplane considerations and structure and to assure that no sig- 
nificant problems exist in the system concept. 

Leading Edge 

The leading-edge metering system configuration is illustrated in Figure 
117. The slot duct dimensions are = 0.381 cm (0.15 in) and h rf = 0.203 
cm (0.08 in). Typical slot duct metering hole diameters and spacings are 
shown on Table 28. Some of these metering configurations do not entirely 
satisfy all of the independent criteria discussed in Section 6, 3. 3. 2 and 
References 7 and 19. However, these critieria were derived for a rather 
restrictive range of configurations and therefore are not completely gen- 
eral. There are indications in the literature that the very low Reynolds 
number characteristics of the leading-edge slots, together with a very 
favorable ratio of metering hole spacing to slot duct depth permits some 
relaxation of the criteria without any penalties to performance. If any 
deficiencies are found through tests of these configurations prior to final 
design selection, there are a number of metering system alternatives avail- 
able for relieving the criteria constraints. 

The collector ducts into which the slot duct flow is metered, shown in 
Figure 117 , have a nominal depth, h , of 0.406 cm ( 0.16 in) and a width w , 
of 0.330 cm ( 0.13 in). The flow is° metered from these ducts directly in£o 
the trunk ducts. Representative spacings, S , and diameters, d , for these 
metering holes are included in Table 28. 'The spacing of these holes is 
primarily dictated by the requirement to maintain a uniform pressure along 
the collector duct. The diameters of the metering holes are primarily 
determined by the requirement to control the pressure within the collector 
duct to a predetermined level, while matching the required flow to the 
local pressures within the appropriate trunk duct. Since this is the final 
level at leading-edge slot flow metering, it is very critical to meeting 
the leading-edge slot flow requirements. 

The 15.24 cm (6-in) metering hole spacing, S , in Table 28, is satis- 
factory for all leading-edge suction slots. Metering hole diameters, d , 
included in the table, were sized for this spacing and are only representa- 
tive values. There is considerable flexibility available in designing the 
collector duct metering in that both the metering hole diameters and 
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TABLE 28. LEADING-EDGE METERING SYSTEM 


Conceptual Configuration 
Typical Nominal Dimensions 




Slot Duct 

Metering 


Collector 

Duct Metering 

Surface x/c 

Trunk 

Duct 

Spacing 
cm (in) 

Diameter 
cm (in) 

Spacing 
cm (in) 

Diameter 
cm (in) 

Upper 0.014 

A 

0.635 (0.25) 

0.066 

(0.026) 

15.24 (6.0) 

0.163 

(0.064) 

0.066 



0.071 

(0.028) 


0.254 

(0.100) 

0.097 

C 

0.635 (0.25) 

0.094 

(0.037) 

15.24 (6.0) 

0.254 

(0.100) 

0.147 



0.117 

(0.046) 


0.295 

(0.116) 

Lower 0.015 

A 

0.635 (0.25) 

0.069 

(0.027) 

15.24 (6.0) 

0.099 

(0.039) 

0.029 



0.074 

(0.029) 


0.119 

(0.047) 

0.037 

B 

0.635 (0.25) 

0.071 

(0.028) 

15.24 (6.0) 

0.168 

(0.066) 

0.162 



0.084 

(0.033) 


0.183 

(0.072) 


spacings may be selectively varied for any of the slots. In some cases, 
the available, pressure in the collector ducts significantly exceed the 
trunk duct pressures. Ejectors could be employed to recover some of this 
pressure in the trunk duct; however, the increased manufacturing cost and 
complexity would probably outweigh the limited benefits. 

Wing Box 

The suction surface and ducting in the wing-box region was described 
and illustrated in Section 6.3.3. 1 and is generally similar in concept to 
that of the leading edge. The nominal baseline dimensions of the slot duct 
illustrated in Figure 118 are h^ = 0.254 cm (0.1 in) and = 0.762 cm (0.3 
in). The hat ducts were sized by structural requirements. The resulting 
duct has an approximate depth of 4.699 cm (1.85 in) and the width varies 
from approximately 6.096 cm (2.4 in) at the base and 4.064 cm (1.6 in) at 
the crown, for an average width of 5.08 cm (2.0 in.) Hat-duct spanwise 
velocities are in the order of 0.01 Mach number and Section 6. 3. 3.2 showed 
that hat-duct flow length less than about 76.2 cm (30 in) had virtually no 
adverse effect on slot flow, but the adverse effects increased rapidly as 
hat-duct flow length was increased above 76.2 cm (30 in). The baseline 
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configuration selection was made on the basis that the nominal hat-duct 
flow length would be 76.2 cm (30 in) and flow lengths greater than this 
would be individually considered for possible slot duct metering hole 
adjustment. Since a chordwise collector duct can receive hat-duct flow 
from both the inboard and outboard directions, each chordwise collector 
duct collects the flow from a 152.4 cm (60 in) segment of the span, as 
shown in Figure 119. 

A diameter of 0.127 cm (0.05 in) on a 0.762 cm (0.30 in) spacing are 
typical dimensions for the slot-duct metering holes for both the upper and 
lower surfaces. Unlike the slot-duct metering holes in the leading-edge 
region, the slot-duct metering holes in the wing box fall within the avail- 
able criteria limits contained in the literature. This is due to dif- 
ferences in suction requirements, external aerodynamic differences, and the 
differences in the configuration. Very little variation in these metering 
hole diameters is required for any slots on the upper or lower wing-box 
surface, except as may be required for special cases of hat-duct flow 
lengths above 76.2 cm (30 in). The 0.762 cm (0.30 in) spacing is adequate 
for all slot-duct metering holes in the wing box. However, it may be de- 
sirable to alter the spacing as an alternative to small diameter varia- 
tions . 

The uniformity of surface pressures and suction flows over both the 
upper and lower wing-box surface allows use of essentially constant meter- 
ing hole diameters and spacings between the hat and chordwise ducts. The 
diameter of these holes is approximately 1.245 and 1.143 cm (0.49 and 0.45 
in) for the upper and lower surfaces, respectively. Chordwise variations 
in these metering hole diameters may be required if significant pressure 
losses occur in the chordwise ducts. 

Each chordwise duct carries the total flow from a 152.4 cm (60 in) span 
of upper or lower wing-box surface between about 18 and 70% of the chord. 
Obviously, the total flow through the chordwise ducts increases from the 
tip ducts to the root ducts. If there is to be low and consistent pressure 
losses in these ducts, they must all reflect approximately equal duct 
velocities. This is accomplished by selecting a low maximum Mach number 
for all chordwise ducts and by varying the duct ar^as accordingly. Upper 
wing surface chordwise duct area| vary from, 34.2 cm (5.3 in ) for the duct 
nearest the wing tip to 107.7 cm (16.7 in ) for the wing root duct. Cor^ 
responding duct^ areas for the lower surface range from 26.4 to 93.5 cm 
(4.1 to 14.5 in ). The differences in required collector duct area between 
the upper and lower surfaces result from the differences in their respec- 
tive surface pressures. 

The metering of the upper surface chordwise duct flow requires a sig- 
nificant pressure differential to match the trunk duct pressure dictated by 
the leading-edge suction requirements. The resultant metering orifices are 
relatively small, ranging from about 2.9 cm (1.15 in) diameter at the wing 
tip to 5.4 cm (2.1 in) at the wing root. The large metering pressure 

differential required for the upper surface cannot logically be recovered 
without altering the trunk ducting configuration ,. since recovery would tend 
to raise the trunk duct pressure above the level required for the leading- 
edge suction flow. In contrast, the lowest pressures occurring on the 
leading-edge lower surface are nearly the same as the lowest pressure 
occurring on the lower wing box surface. The requirement for the large 
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metering pressure differential does not exist and the metering holes may be 
appreciably larger, ranging from 4,5 cm (1.8 in) at the tip to 8.2 cm (3.2 
in) at the wing root. 

Trunk Ducts 

The trunk ducts are formed by the leading-edge cavity, which is divided 
into three separate ducts by two rigid structural diaphragms shown sche- 
matically as an inset to Figure 117. These ducts occupy the entire wing 
leading-edge volume forward of the front spar, which is located at approxi- 
mately 1855 x/c. Both diaphragms attach to the outer skin at a common loca- 
tion on the upper surface, with the forward diaphragm attached at the lower 
leading-edge surface and the aft diaphragm attached to the lower surface at 
the front spar. The three ducts taper with the wing chord. Progressing 
inboard, additions of suction flow to the trunk ducts and pressure losses 
within the ducts results in the highest duct Mach numbers at the wing root. 
The highest Mach number occurs in the forward duct as the result of the 
high suction flow levels from both upper and lower leading-edge surfaces 
entering this duct. All duct Mach numbers are well below the 0.2 maximum 
duct Mach number. Wing root Mach numbers of the other ducts were found to 
be below 0.1. Further refinements of the configuration during a final 
design process could alter the location of the diaphragms to equalize the 
Mach numbers and resulting pressure losses. These values do not reflect 
the presence of leading edge section splices which cause some local dis- 
turbances in the ducts, thereby increasing Mach numbers and pressure losses 
slightly. 

The foregoing analysis of the suction metering and ducting system is in 
keeping with a conceptual evaluation and is not as rigorous as would be in- 
volved in the final design of a production aircraft. However, parameters 
and dimensions are quantified with sufficient accuracy to justify the con- 
clusions that the ducting and metering concept is free of any major or in- 
surmountable problems, is compatible with the structural configuration and 
manufacturing capabilities, and has potentially satisfactory performance. 

6. 3. 3. 4 Testing 

Historical data on the interaction effects of a slot and metering 
system on slot flow spanwise variations are limited to very small slot 
ducts and large slot widths, both of which are incompatible with the base- 
line design configuration. Additionally, no data exist on the slot flow 
variations induced by fabrication tolerances either for a slot alone or a 
slot in combination with a metering sysytem. Therefore, to gain insight 
into these and other related slot/metering system flow phenomena, tests on 
a representative baseline slot/metering/duct configuration were conducted. 
The primary objective of this testing was to verify the acceptability of 
the slot spanwise flow variation of the baseline slot duct and metering 
system design. Secondary objectives were to investigate the theoretical vs 
actual pressure loss characteristics and performance of the slot, metering 
system, and slot/metering combination in the presence of a static surface 
flow field. 

All slot flow variation studies described in the literature were con- 
ducted by either using a set of static pressure taps or a single hot wire 
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at a fixed slot spanwise location. The subsurface metering system was ad- 
justed relative to this fixed test location. The limits of adjustment 
spanwise along the slot appears to have been limited to a few metering 
orifice pitches. This test procedure gave good results of the effects of 
the metering system geometry on the slot flow variation through an ideal 
slot within the limits tested. Both methods of measurement are oriented to 
determining slot velocity and are only indicative of slot flow if the slot 
width remains fixed or is accurately known. While the recommended limit 
for slot flow variation is defined as a -1? spanwise variation in slot 
velocity over the length of metering hole spacing, this is only indicative 
of the impact on slot flow and slot criteria if the slot width is constant 
spanwise and of known value. The local slot flow and not velocity de- 
termines the value of all of the slot criteria. Spanwise variations are 
known to exist in slot width due to manufacturing limitations. A direct 
measurement of slot flow is more indicative of slot and metering system 
quality and capability than slot velocity. 

The approach selected for this testing utilizes a slotted skin that is 
fixed relative to a subsurface metering and ducting system with a probe 
traveling along the slot to directly measure local flow variations. Not 
only does this technique have the capability of examining the effects of 
metering system geometry on the slot flow variation, but it also has the 
capability of studying the effect of a metering system on flow variations 
along a slot that result from manufacturing tolerances. A limit of -1% 
spanwise variation in slot flow was selected as the target and, although it 
is significantly more restrictive than the recommended -1? spanwise varia- 
tion in velocity, it is a more realistic limit. 

Test Description 

Test Fixture Geometry - To satisfy the primary objective of the test, a 
slot/metering/ducting configuration compatibile with the baseline design 
was chosen. A single slot/metering system was attached to a duct of about 
equal cross-section and half the total length of a spanwise hat section 
duct, with a single suction source located at one end of the duct. The 
initial slot width and metering orifice diameter were based on the prelim- 
inary suction surface configuration design. The slotted surface was fab- 
ricated from 0.051 cm (0.02 in) aluminum sheet and the slot was sawed with 
a 0.015 cm (0.006 in) nominal thickness saw. The slot was considered to be 
representative of a slot that would be cut in manufacturing a prototype and 
had representative variations in slot width which ranged from approximately 
0.0152 to 0.0178 cm (0.006 to 0.007 in). 

The metering plate was machined from a 1.27 cm (0.5 in) Lucite sheet. 
The slot duct was milled into the surface and the metering holes were 
drilled with a 0.2383 cm (0.0938 in) nominal diameter drill. In addition 
to the baseline metering orifice pitch of 1.27 cm (0.5 in), pitch config- 
urations of 5.08 and 2.54 cm (2 and 1 in) were tested to give a wide enough 
range of data to permit the development of performance curves. Figure 126 
illustrates the basic geometric configuration of the test fixture and the 
typical test setup. 

Local flow through the slot at locations directly over and half-way 
between each metering orifice were measured to determine spanwise variation 
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Figure 126. Test duct laboratory arrangement 

in slot flow. The pressure loss across the test configuration was measured 
over a range of representative slot suction flows. 

The slot flow variations were measured at slot Reynolds numbers of 50, 
80 and 110 for all configurations, with selected specimens evaluated for 
slot flows up to Reynolds numbers of 290. The local mass flows were 
measured using a small venturi flaw meter which was calibrated against a 
thin plate orifice. A flexible tube with a knife edge was installed on the 
downstream end of the venturi to provide a seal on the slotted surface and 
isolate a 0.3175 cm (0.125 in) segment of the slot. A weighted carrier 
assembly was used to maintain constant sealing pressure on the flexible 
tube. The venturi throat pressure measurements were made using a pressure 
transducer and Wheatstone Bridge with a minimum pressure sensitivity 
equivalent to 0.0051 cm (0.002 in) of water. 

I 
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Pressure loss as a function of flow rate was measured for each config- 
uration for equivalent slot Reynolds numbers ranging from 15 to 110. 
Selected configurations were evaluated at higher flows ranging up to slot 
Reynolds numbers of about 290. In all cases, total duct suction flow rate 
was recorded using a rotameter. The combined slot/metering total pressure 
loss was recorded using the pressure transducer and Wheatsone Bridge com- 
bination previously described. 


Results and Analysis 


The local slot flow measurements taken using the venturi were averaged 
and the ratio of local-to-average flow was calculated for each spanwise 
location. Over twenty plots of these slot flow spanwise variation data 
were generated illustrating both the flow variations between metering 
orifices and the general flow variation along the slot span. The effect of 
a well designed subsurface metering system on reducing random spanwise slot 

flow variations is shown in Figure 127 by the comparison of flow through a 
slot without metering and a slot with the baseline metering system. 

In the slot alone testing illustrated by this figure, the slot flow 
passed without obstruction into a relatively large plenum which may be con- 
sidered representative of an infinite plenum. The slot velocities should 
be nearly constant over the full slot span. The appreciable flow variation 
indicates the fallacy in using slot velocity as the primary measurement. 
Any variation in local slot flows should be almost directly attributable to 
local variations in slot width. The known slot width variation of the test 
sample, approximately 0.0153 to 0.0178 cm (0.006 to 0.007in), was assumed 
to be distributed equally about an average slot width and the variation in 
local slot flow were predicted from the data discussed in Section 6.3.3. 3* 
The resulting predicted slot flow variation was approximately -9%* which 

Slot alone - no subsurface metering 
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compares favorably with the data shown on Figure 127. The slot alone data 
reflect a very localized and repeatable variation in slot flow superimposed 
on a more gradual variation in local average slot flows that extends over 
the full span of the slot. These flow variations may be considered indi- 
cative of similar trends in slot width variation. With the metering system 
placed under the slot, both the local variations and the more gradual vari- 
ations in flow are reduced to about half of their unmetered amplitude * The 
more gradual variation in slot flows is still readily apparent in the 
metered data on Figure 127 and shows a range of about -4% but the local, 
flow variations have been reduced to an acceptable level. 

Typical results illustrating the progressive reduction in local flow 
variations between metering orifices as a result of reduced metering ori- 
fice pitch is shown in Figure 128. The localized effect of the 5.08 cm (2 
in) metering orifice spacing may be seen to dominate the slot flow varia- 
tions while the localized effect of the 2.54 cm (1 in) metering hole 
spacing is greatly suppressed and disappears altogether with the 1.27 cm 
(0.5 in) spacing. 

A summary of the average flow variation between metering-holes is shown 
in Figure 129 as a function of slot Reynolds number for constant metering 
orifice pitch. This plot illustrates the acceptability of the current base- 
line design configuration in meeting a 1% flow variation requirement for 
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Figure 129. Slot flow variation summary 


the range of slot Reynolds numbers tested. It should be noted that this is 
a -12 variation in slot flow which is a significantly more restrictive 
criteria than the recommended -1% variation in velocity since the flow 
limit includes variations due to slot width. When tested without metering, 
the slot would have met the -12 velocity limit but showed a -92 flow varia- 
tion which the metering system satisfactorily suppressed. 

\ 

The second phase of testing required measuring the relative pressure 
loss as a function of flow rate for each of the configurations. 

The pressure loss across and mass flow through the test specimens were 
corrected to standard day sea level altitude for the slot and metering 
plate with orifice pitches of 5.08, 2. 54 and 1.27 cm (2, 1 and 0.5 in). 
Comparison of the losses resulting from the slot/metering combination with 
the sum of the losses from the slot and metering components tested individ- 
ually indicated an additional pressure loss or recovery of the slot/meter- 
ing system shown in Figure 130. This is apparently a consequence of an 
interactive effect between the two components. 

Slot and metering hole friction factors were evaluated for each of the 
individual components. It was interesting to note that there was little 
variation in metering hole friction factor data for the three metering hole 
configurations. This further supports the observation that the combined 
slot/metering effects shown in Figure 130 resulted from an interaction be- 
tween the slot and metering hole flows. 
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Figure 130. Pressure loss - comparison of slot/metering combination 
with summation of individual components 

Duct Acoustic Testing 

Little is known about the acoustics of LFC duct components in terms of 
noise generation and transmission of noise through the slots into the free 
stream. An exploratory noise survey was conducted on the suction duct used 
in the preceding tests to acquire an improved understanding of the charac- 
teristics. The test objectives were to measure the noise internal and ex- 
ternal to the duct for several slot/metering configurations over a range of 
slot Reynolds numbers, to identify and rank the contributing noise sources, 
and to determine slot noise transmission characteristics. 

Acoustics tests were conducted over a range of slot Reynolds numbers 
from 0 to 290, which covers slot flow Mach numbers to approximately 0.07. 
In practice, the operating slot Reynolds number is expected to be in the 
range of 35 to 100. This corresponds to a slot flow Mach number range of 
approximately 0.01 to 0.03. 

Measurements consisted of dB(C) overall level and, in selected cases, 
the associated octave band levels. Acoustic data were hand recorded in- 
si tu. Duct internal data were acquired with a goose neck, attached to the 
sound level meter, feeding through a hole in the duct at the end opposite 
to the suction discharge. Duct external noise levels were acquired with a 
microphone 2.54 cm (1.0 in) above the slot. Noise measurements were also 
taken of the laboratory background noise and the noise entering the duct 
from the suction pump through the suction hose. 
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Possible noise sources contributing to the measured levels are the 
slot/metering system, duct flow including flowmeter and valves, the suction 
pump, and transmitted external ambient noise. The dB(C) measure of 

weighted overall sound pressure level was selected since it provides some 
attenuation of low-frequency noise which was dominated by the suction 
vacuum pump in these tests and is not of interest. Total overall dB(C) 
noise level data are summarized on Table 29 and the unweighted octave band 
data are shown on Figure 131. The following observations are made relative 
to the various noise sources: 

(1) Within the duct test rig, the dominant noise source is the slot/ 
metering system. The suction pump and control valve generated low 
levels of internal duct noise. These tests were thus a study of 
the self noise of slot/metering systems. 

TABLE 29 . SUMMARY OF MEASURED NOISE LEVELS, dB(c) 

Slot Reynolds number, R 0 100 200 300 


(1) External ambient noise 

(a) Suction pump off 73 

(b) Suction pump on — ■■ 79 — — 

(2) Suction pump noise 

Noise radiated from disconnected 
suction pump hose, 
r = 30.5 cm (12 in) to side 

of hose 77 77 


Duct 

internal noise 





(a) 

Slot alone 

79 

90-95 



(b) 

2.54 cm (1 in) 
metering plate 

80 

89-94 



(c) 

1.27 cm (1/2 in) 
metering plate 

77 

86-88 

95-98 

103-105 


(4) Duct external noise 



(a) 

Slot alone 

80 

81 




(b) 

2.54 cm (1 in) 
metering plate 

82 

81 




(c) 

1.27 cm (1/2 in) 
metering plate 

76 

80 

80 

80 
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Configuration: Slot with 1.27 cm ( 0.5 in) metering plate 

No external flow 

Internal noise External noise 



Figure 131. Duct internal and external octave band noise levels 


(2) Increasing suction (increasing slot Reynolds number) significantly 
increased noise within the duct, caused by the increased acoustic 
power output of the slot/metering system. 

(3) Within the duct, the noise levels were lower in the middle and 
higher at the end. 

(4) Internally, the noisiest configuration tested was the slot alone, 
addition of a metering plate reduced noise at the microphone. 

(5) Increasing internal noise did not increase slot external noise 

radiation except at an R of 290. 

w 

(6) The self-noise of a slot/metering system is apparently not an im- 
portant parameter in the selection of a slot/metering configura- 
tion. However, some designs may be better at suppressing noise 
originating from the suction pump and preventing feedback through 
the slot/metering system to the external surface. 

(7) In an actual LFC airplane the duct noise levels will probably be 
higher than measured in this test due to the suction compressor, 
which could be the dominant duct noise source. 

6.3.4 Suction Units 


The suction system for the baseline configuration incorporates two in- 
terchangeable fuselage-mounted suction units, each powered by an indepen- 
dent gas turbine power unit. Each unit includes flow and pressure ratio 
capacity sufficient to pump half of the flow from each surface and dis- 
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charge the total pumped flow at the freestream flight velocity of Mach 0.8 
at 40 000 ft altitude. Since the various laminarized surfaces have 
different surface pressures , it is necessary to design the suction pump to 
accommodate the various levels of inlet pressure while discharging all of 
the flow at the same pressure level. 

6.3.4. 1 Suction Requirements 

The suction requirements and external aerodynamics of the wing airfoil 
are consistent with the airfoil evolved in Section 6.1. These include wing 
surface C distribution, distributed suction requirements, and boundary 
layer characteristics for both the upper and lower surfaces. 


The laminarized surfaces are as follows: 
Wing upper 
Wing lower 

Horizontal tail - each surface 
Vertical tail - total 


346.2 m 2 (3726 ft 2 ) 
318.7 m 2 (3430 ft 2 ) 
32.6 m 2 (351 ft 2 ) 
81.2 m 2 (874 ft 2 ) 


The laminarized wing areas are the total for the airplane and include 
adjustments for 75% nominal chord laminarization , airfoil surface curva- 
ture, allowance for flap hinge fairings on the wing lower surface, and an 
adjustment to the wing surfaces to recognize the inclusion of leading edge 
suction with the upper surface suction. Empennage areas include adjust- 
ments for 65% nominal suction and airfoil surface curvature. 

These areas, together with the C and distributed suction mass ratios 
were employed to define the total airplane suction profile shown in Figure 
132. This figure illustrates the total suction flow and associated com- 
pression requirements arranged in the order of decreasing suction pump 
pressure ratio. The most stringent suction C valuess were taken for each 
surface and an allowance for 10% suction duBt pressure loss was used in 
determining the required suction pressure ratios. The figure shows that 
100% of the total flow must be compressed through a ratio of 1.92:1 or 
more, while 63.2% of the flow must be compressed through a ratio of at 
least 2.32:1, and 50.7% must be compressed through a ratio of 2.84:1. 

6. 3. 4. 2 Suction Pump Comparisons 

The most practical suction pump configuration for meeting these suction 
*• requirements is a compact axial flow compressor which incorporates a high- 

pressure compressor pumping the total flow with additional lower flow boost 
units integrally located on the inlet to raise the pressure of the low- 
pressure flows to the inlet pressure of the high-pressure compressor. 
i Several possibilities exist for meeting these requirements, with various 

degrees of performance penalty traded off against system simplification, 
weight, and cost. Six configurations were evaluated but only three are 
included herein. 
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Figure 132. Suction requirement profile 
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The optimum theoretical performance can be achieved by a pump having 
two levels of boost compressors preceding the high-pressure compressor. 
This configuration is identified as Option I. This configuration includes 
a first boost compressor unit for the upper-wing suction flow. This flow 
is compressed to an intermediate pressure level by the first boost element. 
This flow then enters the intermediate boost unit together with the empen- 
nage flow bringing the flow of the second boost unit to about 66 percent of 
the total. The second boost unit compresses this combined flow to the 
pressure level of the flow from the lower-wing surface. It then enters the 
high-pressure compressor together with the flow from the lower-wing sur- 
face, bringing the entering flow to 100%, and the remaining required com- 
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pression takes place. The required drive power for this suction pump con- 
figuration was assessed for a cruise condition of 12 192m (40 000 ft) alti- 
tude and M = 0.8. This assessment assumed an efficiency of 86% for each 
suction pump component and also included an allowance for 5% deterioration 
in both suction unit flow and pressure ratio through the overhaul life of 
the unit. The drive power required, together with other particulars of this 
system, is shown in Table 30. Also shown in this table is the equivalent 
sea level static power requirement for the power unit at the aerodynamic 
surface C values corresponding to sea level at 0.8 Mach. It should be 
noted that? assumption of static aerodynamic surface C values (i.e., C = 
0.0) would be meaningless and would not illustrate tfte relative require- 
ments for the suction power unit. 

This suction pump configuration represents a near optimum insofar as 
theoretical drive power requirements are concerned. However, the dual- 
boost configuration of the pump is rather complex and adds cost, weight, 
and performance penalty to the pump because of the triple concentric in- 
lets. Also, the necessity for bifurcations and integration of three inlet 
ducts requires a complex ducting configuration with attendant cost, weight, 
space, and pump inlet loss penalties. Some of the above considerations are 
included in the table. 


TABLE 30. SUCTION UNIT COMPARISON 

Option 1 V 

Number of boost compressors 2 1 


VI 


0 


Suction pump cruise power - Kw (HP) 344.5 (462) 357.2 (479) 408.7 (548) 

Power increment relative to Opt 1 - 7. +3.7 +18.6 


Sea level static equivalent 

power* - Kw (HP) 1328.1 (1781) 1376.6 (1846) 1574.9 (2112) 


Approximate airplane weight increase 

due to power increment** - 7. +.18 +.93 


* Sea level static power of shaft engine that would provide power 
for suction pump at cruise. 

** Approximate weight increment associated with required power 
increment and includes additional fuel burned at cruise 
but does not include any increment for duct system weight. 
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Option V 


This configuration is a dual-duct system with the entire empennage flow 
ducted to the single boost element. This configuration resulted in a power 
penalty of only 3.7% relative to Option I, while possessing all the bene- 
fits of the two-duct system rather than the three-duct system of Option I. 
The excess pressure ratio capability of the boost element for pumping the 
empennage relieves some of the ducting constraints of the empennage. This 
is a benefit because of the potentially high losses in this ducting due to 
numerous turns, particularly those at the intersection of the horizontal 
T-tail with the vertical where the flow must be ducted through an articu- 
lated intersection. The airplane weight penalty due solely to the power 
increase is approximately 0.18% including increased cruise fuel consump- 
tion, as compared to Option I. This penalty would be partially offset by 
the weight savings associated with a simplified ducting system. The con- 
figuration also offers considerable cost, maintainability, and reliability 
benefits over Option I. 

Option VI 

This configuration represents the ultimate in simplicity by eliminating 
the boost element entirely in a single-duct system. In this configuration 
all suction flow is manifolded and directly enters the single-element 
suction pump. The power penalty associated with this configuration is 
18.6% relative to Option I. However, the benefits are considerable. This 
configuration would permit a more simplified and lighter-weight duct system 
throughout the span of the wing. The compelx dual duct configuration at 
the wing root would be eliminated along with a number of valves, vents, and 
the bifurcated ducting at the pump inlet. This configuration would be much 
more compact and the volume of the suction unit installation could be 
greatly diminished. This would permit a reduction in the size and weight 
of the suction unit fairing. The airplane TOGW penalty due solely to the 
increased power requirement would amount to approximately 0.9% including 
the increased fuel burned during cruise but this could be reduced by the 
associated improvement in duct system pressure losses to the upper-wing 
suction air which determine the overall suction pump required pressure 
ratio. The remaining penalty may well be offset by the weight, cost, reli- 
ability, and maintainability benefits accruing from the greatly-simplified 
ducting system and it should not be eliminated from future consideration. 

6. 3. 4. 3 Suction Pump Selection 

Option V was selected as the suction pump configuration for the base- 
line airplane. Option I has a slightly lower power requirement than Option 
V but requires a more complex, heavier, more costly, and less reliable and 
maintainable ducting system. Option VI evokes a significant penalty in 
power required but offers a great simplification to the ducting system with 
attendant reductions in weight, cost, maintainability, and reliability. 
These latter configurations are worthy of future consideration. 
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6. 3. 4. 4 Suction Unit Description 

A rudimentary suction unit design was completed for the Option V con- 
figuration for the purpose of establishing conceptual size, weight, and 
general layout of the suction unit. While this analysis obviously lacks 
the refinements of an optimized design, it is reasonably accurate for 
satisfying the present requirements and serves to illustrate some of the 
required considerations. The suction pump for this unit is shown on Figure 
133. which illustrates the unit partially sectioned. The suction pump con- 
sists of a forward frame, a two-stage low-pressure or boost element, a mid- 
frame, a four-stage high-pressure element, and a scroll diffusor. The for- 
ward frame serves as the attachment for the aircraft suction system low- 
pressure duct and houses boost element variable inlet guide vanes. These 
vanes provide a control for matching the boost element flow and pressure 
ratio with the high-pressure element inlet flow conditions under varying 
flight suction requirements. The two-stage boost element is sized to meet 
upper wing and empennage suction flow and pressure ratio requirements. The 
two stages operate at a modest pressure ratio compatible with the distorted 
inlet conditions that will undoubtedly exist with the suction flow. The 
mid-frame serves as the transition duct for the boost element exhaust flow 
to the inlet of the high pressure element. It also provides the introduc- 
tion of the high-pressure suction flow into the high-pressure compressor. 
Variable inlet guide vanes are required in the high-pressure suction flow 
entry path for operation in conjunction with the boost element variable in- 
let guide vanes to assure a proper match between the boost and high- 
pressure elements. 


Forward 



Figure 133. Suction pump 
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The high-pressure element is a four-stage unit of moderate stage load- 
ing. A three-stage unit would require stage loadings that are high but 
consistent with foreseeable practice for conventional engine compressors. 
However, the anticipated inlet distortions and mismatch to which this unit 
will be subjected dictate the use of a more conservative four-stage con- 
figuration. Both the boost and high-pressure elements operate on a common 
shaft . 

The exhaust diffusor collects the discharge flow of the suction pump 
and turns it through 1.571 rad (90 ), while reducing the flow velocity to 
0.3 Mach and allowing the passage of the suction pump drive shaft axially 
through the center of the scroll. The flow thus exits the scroll in a 
round duct at a right angle to the axis of the suction pump. The dif- 
fusor/scroll also provides for a rigid mounting between the suction pump 
and drive unit. This includes a mounting for the drive shaft housing as 
well as an external truss structure to maintain shaft alignment and ab- 
sorption of the torque between the suction pump and the power unit. 

The suction pumps are driven by independent power units provided with 
ram inlets exhausting at essentially freestream velocity. The independent 
drive was adopted because it has no impact on the primary propulsion units 
and can therefore be independently sized. In previous studies, alternative 
systems were considered and include geared, bleed, and bleed/burn systems. 
All of these have a direct impact on the size, configuration and possibly 
location of the primary propulsion units and therefore interact with other 
airplane systems and configurations involved in trade considerations. Of 
these, only the bleed/burn drive system appeared to offer realistic bene- 
fits but these essentially disappeared when integrated into airplane per- 
formance. The penalties of the more complex systems led to their elimina- 
tion. A conventional but advanced technology shaft engine was adopted for 
this study. The suction pump weight was evaluated at 95.7 kg (211 lb) and 
the power unit weight at 196.4 kg (433 lb), resulting in a total suction 
unit weight of 292.1 kg (644 lb). 

6.3.5 Controls 


Control of the LFC suction system presents a number of complex and 
unique problems. The required suction flow levels and distributions for 
reliable laminarization are subject to the effects of production tolerances 
and deterioration, in addition to the variable flight conditions. The 
acceptable range of suction flow levels and distributions is not presently 
known but it is probable that much of this acceptablle range will be re- 
quired to negate the effects of production tolerances and deterioration, 
with the remainder of the range utilized to provide for limited variations 
in flight conditions. It is apparent that sufficient range is not likely 
to exist to absorb all of these influences over the entire flight spectrum 
and a control system to accommodate these variables would become extremely 
complex. In the interest of simplifying the control system, thereby im- 
proving the reliability and reducing the cost and maintenance, laminariza- 
tion is applied only during the cruise portion of the mission and the 
system turned on only at the higher altitudes during climb. This approach 
also eliminates most of the system exposure to contamination that would re- 
sult from operation in the terminal area and low altitude ranges. 
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With this approach, the major control of the suction flow becomes that 
of matching the requirements between start cruise and end cruise. An 
appreciable change in both level and distribution of wing surface C values 
occurs between these conditions, particularly in the differential s^between 
the upper and lower surfaces. The internal suction system pressures are 
dictated by these C values. In the selected suction pump configuration, 
variable inlet guife vanes were used in both the low pressure and high 
pressure inlets. These vanes adjust the duct suction pressures to the 
varying upper and lower wing surface C values while maintaining desired 
suction flows and an acceptable matc$ between the primary and boost 
elements of the suction pump. This does not provide discrete control to 
accommodate the change in the chordwise C distributions. The suction 
system may be designed to minimize sensitivity to this change at the 
expense of increased suction system pressure losses. The allowable range 
in suction flows together with some compromises to the suction system will 
be utilized to accommodate this change. The suction pump variable inlet 
guide vanes are also capable of accommodating changes in suction system 
deterioration within limits. The variable vanes may be controlled auto- 
matically on the basis of low-pressure and high-pressure suction flows and 
pressures which may be monitored in the ducting system. Marginal ability 
to control these parameters according to a prescribed schedule would be an 
inflight indication of the requirement for system maintenance or cleaning. 
In the cruise mode, the suction power unit would also be controlled auto- 
matically to these same suction flow and pressure parameters to drive the 
pump at a speed commensurate with meeting the prescribed suction require- 
ments . 

The remaining control problems are primarily operational in nature and 
consist of: 

(1) Suction unit starting at both sea level static and altitude. 

(2) Unit failure in cruise. 

(3) Atmospheric conditions at cruise. 

(4) Sea-level static system checkout. 

Starting the units at altitude will present some problem because the 
pressures at the suction pump inlet are appreciably below ambient. In the 
shut-down condition, a significant pressure ratio exists across the suction 
pump. This pressure ratio exceeds the capabilities of the suction pump un- 
til rotational speeds near design are achieved. This means that the suc- 
tion pump would be stalled throughout the start range until near design 
speeds are attained during the start up. This is unacceptable due to power 
requirements and potential damage to the pump. To avoid this problem, 
valves are provided in the ducting system near the pump inlets to isolate 
the suction ducting and vent the pump inlet to ambient air during the start 
cycle, as shown on Figure 134. When the suction unit reaches a prescribed 
rotor speed, the vent valve will slowly close while the isolation valve 
slowly opens according to a prescribed schedule. This operation may be 
carried out either by an automatic system operated by a "start-run" switch 
or manually by the flight engineer. 
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In the event of an inflight suction unit failure, instrumentation at 
the suction pump inlet and discharge will immediately sense the failure and 
shut the unit down while simultaneously closing the isolation valves to 
that unit. After the isolation valves have closed, the valves located in 
the low- and high-pressure suction trunk ducts near the wing mid-semispan, 
shown in Figure 13^ will also close, allowing only inboard wing suction. 
The empennage isolation valve will close simultaneously, eliminating 
empennage suction. 

Incidence of rain and ice crystals in the cruise mode that would pre- 
vent laminarization may block the slots necessitating immediate shut down 
of the suction system to prevent pump stall as a result of airflow starva- 
tion. This would be accomplished through sensing an abrupt increase in 
pump pressure ratio, signaling interference with the suction flow inges- 
tion, and automatically shutting the system down. Provision could be made 
for automatic re-start, or re-start could be the responsibility of the 
flight engineer. An incremental increase in primmary propulsion engine 
thrust could be automatically accomplished to compensate for the temporary 
delaminarization . 

A pre-flight suction system checkout must be accomplished at sea level 
static conditions prior to initiation of the flight. This may be accom- 
plished by the flight engineer and would consist of a normal start with the 
suction unit rotor speed limited to a low value to minimize ingestion of 
contaminants to the suction system and prevent excessive noise in the 
terminal area. This start would duplicate the cruise start and valving 
sequence except for the reduced rotor speed. Since all wing surface C 
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values are zero under static conditions, the high rotor speeds are not re- 
quired. When the suction unit reaches the prescribed speed, suction system 
pressures and flows, pump pressure ratio, and pump and power unit opera- 
tional parameters (i.e., oil pressure, turbine temperature, fuel flow, 
etc.) may be compared to prescribed limits. An adverse atmospheric condi- 
tion would be simulated by a signal selected by the flight engineer to 
actuate the automatic shut-down sequence. It is expected that this ground 
check may be normally accomplished in a total time of less than 4 minutes. 

Automation of these control systems does not appear to present any 
major problems and final selection of the level of automation would be at 
the discretion of the customer. 

6.4 LEADING-EDGE REGION CLEANING 

Since the earliest consideration of applying laminar flow control to an 
operational aircraft, the potential problems attending leading-edge rough- 
ness due to insect contamination have been of continuing concern. The lit- 
erature indicates that, while an appreciable amount of analytical effort 
has been expended and some wind-tunnel and flight testing of candidate 
concepts has been conducted, the effectiveness of a cleaning system com- 
patible with the requirements of an operational LFC aircraft has not been 
demonstrated . 

As a part of this study, the evaluation of candidate concepts resulted 
in the selection of a fluid dispersal system integrated into the leading 
edge to counter potential insect contamination and provide anti-icing pro- 
tection for LFC aircraft proposed for the 1990 period. Wind-tunnel testing 
of a sub-scale leading-edge section was conducted to evaluate alternative 
configurations for fluid dispersal and the effectiveness of the fluid film 
in preventing insect accretion. This testing facilitated the selection of 
a conceptual design for the leading-edge section and demonstrated the 
effectiveness of the concept in preventing insect accretion at low speeds. 
Based on the results of this testing, a full-scale leading-edge section, 
sized for the mid-semispan region of aircraft in the JetStar/DC-9-10 class, 
was designed. This test section, incorporating functional cleaning and 
suction systems, was tested in the Lockheed-Georgia Company low-speed wind 
tunnel and demonstrated the effectiveness of the cleaning system design in 
preventing leading-edge contamination at speeds representative of the take- 
off/climb profile for LFC aircraft. 

6.4.1 Design Objectives 

Throughout the evaluation, selection, and design of candidate leading- 
edge cleaning systems, the following requirements were placed on system 
design : 

(1) The system must be effective in preventing insect contamination of 
the leading-edge region at the highest anticipated insect densi- 
ties . 

(2) The system must not prevent laminarization of the boundary layer. 

(3) The weight and cost penalties attending incorporation of the sys- 
tem should be minimized. 
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(4) The system should involve no unusual maintenance procedures or 
requirements . 

6.4.2 Concept Evaluation 

A data search of previously recorded work was accomplished to identify 
concepts worthy of additional consideration for the current study. To this 
list were added concepts developed during the course of the current study. 

Following is a listing of concepts subjected to initial evaluations: 

(1) Natural erosion 

(2) Permanent coatings 

(3) Temporary coatings 

o Soluble films 

o Quasi-static liquid films 

o Subliming materials 

o Ice coatings 

(4) Continuously-flowing fluids 

(5) Protective covers 

(6) Incineration systems 

(7) Mechanical systems 

o Armstrong-Whit worth wire scraper 

o Armstrong-Whitworth moistened pad scraper 

o Handley-Page discardable scraper 

o Coleman's deflector plate 

o Rotating leading-edge devices 

o High-lift leading-edge devices 

(8) Restoration of laminar boundary layer 


6.4.2. 1 Concept Description 

Following is a description of each system listed above: 

(1) Natural erosion - Insect deposits tend to become brittle and have 
reduced adhesion characteristics when subjected to low temperature 
at high altitude. It has been proposed (Ref. 1) that this be- 
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havior in conjunction with the scouring action of airflow over the 
airfoil would reduce insect residue to acceptable heights. Tests 
reported in References 20-22 proved this concept to be feasible 
only at low aircraft climb speeds. 

(2) Permanent Coatings - Recent advances in materials technology has 
been proposed (Ref. 5) to yield a material for eliminating the 
insect contamination problem. Hydrophobic compounds, such as 
organosilicone rain-repellant coatings were also suggested for 
this purpose. 

(3) Temporary Coatings - 

o Soluble Films - The principle embodied in the use of soluble 
films, such as glycerine and soap in methanol, is that a 
suitable viscous liquid is brushed or sprayed on the surface 
prior to flight (Ref. 23). Insects impacting the airfoil 
during flight become embedded in the film without counter- 
acting the adhesion of the film. Subsequently, the liquid 
film and the embedded insects are removed by a solvent. 

o Quasi-Static Liquid - An early proposal (Ref. 23) for elim- 
ination of insect deposits relied upon suitable liquids, such 
as silicone of various viscosoties, being brushed or sprayed 
on the airfoil surface prior to flight. It was intended that 
the liquid would prevent adhesion of the insects to the sur- 
face and subsequently the insects would be carried over the 
trailing edge by the shearing force of the air on the liquid 
during flight. 

o Subliming Materials - Volatile compounds such as camphor and 
napthalene have been proposed, (Ref. 24) to prevent adhesion 
of insects to the surface. As the materials sublimed, the 
insect residue would be swept off the surface by the airflow. 

o Ice Coatings - A thin layer of ice or frost around the lead- 
ing edge has been suggested, (Ref. 24) wherein the residue of 
insects impacting the ice/frost layer would be removed as the 
ice abates in flight. 

(4) Continuously Flowing Fluids - It was postulated in References 23 
and 25 that by keeping the airfoil wet with a continuously flowing 
fluid the insects debris would not congeal and adhere to the wing. 
Two methods have been proposed: (a) to force water through a spray 
nozzle to create a cloud in front of the wing, and (b) to seep 
low-velocity water through the surface to be carried aft over the 
airfoil by the airflow during flight. 

(5) Protective Covers - Sheets of paper, cloth, and light cardboard 
have been proposed (Ref. 26) as protective covers for leading 
edges during flight through altitudes of high insect density. 
Covers may be glued or taped to the surface and removed when the 
angle of attack is varied so that the airflow can remove the 
cover. Mechanical methods, such as traversing wires or knives, 
have also been proposed for cover removal. 
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(6) Incineration Systems - This concept would provide heating elements 
inside the leading edge to raise the surface temperature above 
260 C (500 F) to promote incineration/disintegration of the insect 
deposits . 

(7) Mechanical Systems - 

o Armstrong-Whitworth Wire Scraper - The scraper, described in 
References 27 and 28, has a light frame consisting of two 
spring steel arms which are curved to the shape of the air- 
foil leading edge. Tightly stretched between the aft tips of 
the arms is a piece of fine wire heavily spring-loaded to act 
as a scraper on the airfoil surface. The two arms are 

attached to a carrier plate at the leading edge, which is 
moved along a spanwise slot by an electric-motor-driven 
cable. The cable performs the secondary function of sealing 
the slot not occupied by the carrier plate. As the scraper 
traverses the leading edge, insect remains are sheared away 
by the fine wire bearing on the surface. 

o Armstrong-Whitworth Moistened-Pad Scraper - This scraper is 
identical to the wire scraper except that the fine wire is 
replaced by a moist pad. As the carrier plate is traversed, 
the insect residue is loosened by the moisture and carried 
away on the pad. This system requires the addition of a 
water reservoir and supply system. 

o Handley-Page Discardable Scraper - This device, described in 
Reference 26, is shaped much like those described above ex- 
cept that it is not driven mechanically. The scraper has an 
inclined vertical vane so that when the device is released 
from the side of the fuselage, the aerodynamic force exerted 
on the inclined vane drives the scraper along the leading 
edge. When reaching the wing-tip, the device flies off past 
the wing tip. This scraper has a dry felt pad for shearing 
insect residue from the surface. 

o High-Lift Leading Edge Devices - Depending upon airport 
performance constraints imposed on the aircraft, it may be 
necessary to incorporate high-lift leading edge devices. In 
such cases, it may be theoretically advantageous for a 
leading edge device to serve the dual functions of 
contamination prevention and lift augmentation. 

(8) Restoration of Laminar Boundary Layer - This scheme, proposed in 
Reference 29, would incorporate a suction slot immediately aft of 
the contamination area. Wind-tunnel testing has shown that the 
laminar boundary layer could be re-established by removing the 
turbulent boundary layer reaching the slot, provided there are no 
unfavorable pressure gradients. 

6. 4. 2. 2 Concept Selection 

Lack of definitive test data presented a major obstacle in the rational 
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evaluation and selection of leading-edge cleaning concepts offering suf- 
ficient promise to justify additional investigation. All of the concepts 
described above have been investigated analytically and wind-tunnel testing 
has demonstrated the feasibility of several of the concepts over a limited 
range of operational parameters. With the exception of relying upon 
natural erosion, which has been shown to be ineffective when insects are 
impacted at takeoff speeds of current transports, (Ref. 25), all of the 
concepts analyzed detract from overall aircraft efficiency in that they 
increase weight and complexity, with attendant increases in both production 
and operating costs and a decrease in aircraft performance. Many of the 
concepts also impose potentially more severe penalties in the form of space 
requirements in the already constrained wing volume available in an LFC 
wing or in the generation of surface irregularities in the leading edge 
region to the extent that lower surface suction would be unattainable. 

Based on these considerations, it is obvious that the concepts selected 
for further investigation should be those which require minimal perturba- 
tion of the aircraft configuration, while providing effective contamination 
control . 

Following is a listing and summary evaluation of categories of concepts 
considered in order of increasing system complexity: 

(1) Natural Erosion - The flight tests described in Reference 25 
demonstrated that natural erosion does not reduce the height of 
insect excresence to an acceptable level. 

(2) Permanent Coatings - The flight tests of Reference 25 also indi- 
cated that currently available coating materials are not complete- 
ly effective in preventing the accumulation of leading-edge con- 
tamination. However, the simplicity of this concept dictates that 
improved coatings be evaluated as they become available. 

(3) Temporary Coatings - The available literature indicates the 
absence of materials in the form of soluble films, quasi-static 
liquid films, or subliming materials to form effective temporary 
coatings for the prevention of leading-edge contamination. How- 
ever, the use of a coating of ice or frost was shown to be 
effective (Ref. 24) and this concept should be considered a viable 
candidate for future development. 

(4) Continuously-Flowing Fluids - The continuously-flowing fluid con- 
cept was demonstrated to be effective in flight by the test data 
of Reference 25, and therefore is a promising concept for the pre- 
vention of leading-edge contamination. 

(5) Protective Covers - The use of protective covers is judged to be 
unacceptable in the current airline operational environment. 

(6) Incineration Systems - Calculations conducted in this study show 
that electrical power requirements are prohibitive for a system to 
effectively remove leading-edge contamination through incinera- 
tion . 


189 


(7) Mechanical Systems - Although a wide variety of mechanical systems 
have been proposed for the prevention or removal of leading-edge 
contamination, an acceptable configuration has not been demon- 
strated in flight. These systems are the most complex of those 
considered as potential candidtes, and thus impose the greatest 
penalties on the aircraft. However, even considering such dis- 
advantages, mechanical systems should not be eliminated from 
future consideration since the use of high-lift leading-edge de- 
vices may be an acceptable approach on future LFC transports with 
particularly stringent airport performance requirements. 

(8) Restoration of the Laminar Boundary Layer - Although insufficient 
data are available to permit the evaluation of this concept for 
application to the aircraft of the current study, systems based on 
this concept should be considered candidates for future investi- 
gations. However, in many cases, the energy required to laminar- 
ize a turbulent boundary layer is greater than that saved by the 
resultant reduction in skin friction. 

On the basis of these evaluations, the following concepts were selected 
for further investigation during the subject study: 

(1) Continuously-flowing fluids 

(2) Ice Coatings 

(3) High-lift leading-edge devices 

Detail design studies were accomplished for each of the concepts listed 
above. These design studies were carried to the depth required to develop 
component size and weight data required to determine the system weight 
penalty for incorporation in the LFC baseline airplane. Table 31 gives the 
weight comparisons of these systems. 

Based on this weight comparison plus evaluation of each system from a 
maintenance standpoint and the availability of actual test data, the con- 
tinuously-flowing liquid system was selected for use in the study aircraft. 

6.4.3 Testing 


Design data necessary for integration of an efficient leading-edge 
washing system into an operational LFC transport were not available. It 
was also desired to use the same system to fulfill the requirements for 
de-icing. A similar concept has been used successfully on operational 
military and commercial aircraft for many years and some data are available 
for this application. 

To obtain required design data and demonstrate the system concept, two 
tests were completed. A subscale exploratory test was conducted to eval- 
uate various cleaning liquids, liquid injection surface configurations, 
governing characteristics of liquid distribution over the surface, and 
system capabilities for preventing insect accretion. A full-scale test was 
subsequently conducted to demonstrate the system with a full-scale distri- 
bution system and realistic insect impingement. 
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TABLE 31. WEIGHT COMPARISONS - CANDIDATE 
LEADING-EDGE CLEANING CONCEPTS 

System Weight 
kg ( lb) 

Continuously-flowing fluid washing 1540.4 (3 395) 


Temporary ice coating 


0 

N 2 

Phase change 

6872.5 

(15 

151) 

0 

N 2 

Phase change with superheat 

4417.2 

(9 

738) 

0 

NH 3 

Phase change 

4453.0 

(9 

817) 

Mechanical 

leading-edge device 

2100.2 

(4 

630) 


Notes 

(1) Weights are for wing only 

(2) Weights are uncycled 

6.4.3. 1 Subscale Wind-Tunnel Testing 

An exploratory test was conducted in a low-speed wind tunnel on a con- 
stant radius representation of a full-scale leading edge. The objectives 
of this test were: 

o Evaluate flow properties of various liquid compositions and select 
a baseline liquid. 

o Evaluate the interactive effects of forces acting on the fluid 

including gravity, surface tension, viscosity, airfoil pressure 
distribution and boundary layer velocity. 

o Evaluate various liquid injection surface configurations. 

o Evaluate insect accretion prevention and removal capabilities and 
fluid film requirements. 

Test Geometry 

The wind-tunnel model for this testing was originally fabricated in an 
unswept configuration under Lockheed-funded activities. The model was 
modified to the swept configuration illustrated in Figure 135 and tested 
under this contract. The model consisted of a 15.24 cm (6 in) diameter 
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Figure 135. Subscale cleaning test configuration 


cylinder forming the leading edge with flat plate fairings tangent to the 
cylindrical surface. A recess was machined into the cylinder to form a 
chamber for injecting liquid on the surface. Internal piping connected the 
chamber to an external liquid reservoir. The front of this recess was pro- 
vided with a recessed flange such that a 12.7 cm (5-in) long by 5.08 cm (2- 
in) circumferential surface test specimen could be flush bonded over the 
recess leaving a 10.16 cm (4-in) test length. The cylinder was mounted in 
the model so that it could be rotated to locate the test specimen in 
various positions bn the upper, lower, or forward surfaces of the cylinder. 
An adjustable split flap was located on the lower surface of the flat plate 
fairing as illustrated on the figure. The rotation of the cylinder per- 
mitted introduction of the liquid at any point around the leading-edge sur- 
face while the flap permitted the movement of the stagnation point to 
locations around the lower forward quadrant of the leading edge. These two 
adjustments permitted isolated evaluation of the liquid flow coverage over 
the surface as a function of these two variables and the involved forces 
acting on the liquid. 

The model was instrumented with static taps in circumferential rows 
around both ends of the cylinder slightly outside the test specimen for 
establishing the stagnation point and C distribution on the leading-edge 
surface. A 2.54 cm (1 in) grid was painted on the cylinder surface to aid 
in evaluating the fluid coverage. 


J 


192 


i 


The model was mounted in a small wind tunnel and extended almost across 
the width of the tunnel as shown in Figure 136. The tunnel was provided 

with large windows in the sides and bottom affording a good view of the 

model. Lights were mounted above and below one of the windows and a camera 

mounted to view the model through the window to obtain photographic records 

of liquid coverage. Figure 136 illustrates the model mounted in the tunnel 
in (A). A close-up view of a two-slot test specimen mounted on the cylin- 
der is shown in view (B). The wind tunnel has an ambient inlet through a 
bellmouth with straightening vanes and the flow is pulled through the 
* tunnel by a blower exhausting to^ambient. Tunnel velocities are infinitely 
controllable from 0 to 526.7 N/m (11 psf) q or about 30.5 m/sec (100 fps). 

A liquid reservoir was mounted on a scale and pressurized through a 
regulator. An on/off valve was provided downstream of the reservoir. Flow 
was measured by timing an incremental weight of liquid flow from the reser- 
voir. Internal liquid pressures were measured in the cylinder liquid 
chamber immediately inside the test specimen permitting determination of 
the liquid pressure differential across the specimen. 



(A) Wind tunnel 
instal lation 


(B) Test sample 
installation 


Figure 136. Subscale cleaning test installation 
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Cleaning Fluid Composition 

The initial portion of the testing was conducted to evaluate various 
liquid mixes. Table 32 lists the liquid components that were tested and 
the approximate range of mixture percentages through which each was tested. 

It was obvious from the outset that some form of dye was required to 
enhance the visual and photographic observation of the film coverage. 
Sodium fluorescene dye used with ultraviolet lighting produced far superior 
photographs and better visibility than either of the commercial food 
colorings tested. 

Although the anti-icing requirement eliminated pure water as a cleaning 
liquid, primary liquid mixes of water and industrially pure ethylene glycol 
were tested ranging from pure water to pure glycol. None of these mixes 
were found to give satisfactory coverage because of the effects of surface 
tension. To reduce the surface tension, various amounts of several 
different wetting agents were tested individually as indicated on Table 
32. 


TABLE 32. CLEANING FLUID COMPOSITION 


Component 


Range 


Primary Liquid 


Water 

Glycol 


0 to 100% 
0 to 100% 


Wetting Agent 

Ammonia Cleaning Agent 

Soap 

Alcohol 

Tergitol 


0 to 20% 

0 to 7% 

0 to 10% 

0 to 0.57 o 


Dye 


Red Food Coloring 0 to 3% 
Green Food Coloring- 0 to 3% 
Sodium Fluorescene 
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Figure 137 illustrates the superior fluid coverage obtained by the 
addition of a 0.5% tergitol by volume to water with a small amount of 
fluorescene dye. In the examples shown, the tunnel q was 478.8 N/m (10 
psf) approximately 102 km/hr (55 kn) # with a liquid flow rate of 0.01018 
kg/min/cm of slot (0.057 lb/min/in of slot). The test specimen illustrated 
is a two slot configuration with approximately 0.0127 cm (0.005 in) slots 
located 1.27 cm (0.5 in) apart. The slots were located above and below the 
forward centerline of the leading edge. The flap was deflected downward 
0.785 rad (45 ) which located the stagnation point very slightly below the 
lower slot. The aerodynamic forces acting upward on the liquid emanating 
from the upper slot significantly exceed the downward acting gravitational 
forces and the liquid flow is all upward over the top of the leading edge. 
Conversely the lower slot liquid flow is acted upon by greatly reduced 
aerodynamic forces and the downward acting gravitational force is slightly 
dominant resulting in a downward flow. The lack of a significant dominance 
of either upward or downward forces on the lower slot allows the liquid to 
form into rivulets. The example of water without a wetting agent illus- 
trates that the flow from both the upper and lower slots, quickly coalesced 
into discrete rivulets, although generally leaving the slot as a film. 
When the wetting agent was added, the upper slot continued as a film over 
the upper surface and the tendency of the lower slot flow to coalesce into 
rivulets was greatly diminished. 



Figure 137. Fluid composition tests 
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Of the wetting agents tested, Tergitol proved to give the best surface 

film coverage without the foaming characteristics evidenced with the liquid 
soap and the ammonia cleaning agents. Only 0.5% Tergitol in the cleaning 
liquid mixture appeared to give maximum benefit from the Tergitol which was 
unequaled by up to 10% alcohol. Tergitol was selected as the wetting agent 
and was used for all subsequent tests. 

Testing of various concentrations of ethylene glycol and water showed 
that with the Tergitol wetting agent added, there was little detectable 
difference in the fluid film characteristics with mixes ranging from 100% 
water to 100% glycol. The anti-icing requirement mandates that the glycol 
concentration be sufficient to not only prevent the mix from freezing but 
to lower the freezing point of the mix sufficiently to thaw ice on the sur- 
face. The establishment of a liquid composition that will satisfy the 
anti-icing requirement is not a part of the present study. Therefore a 
v composition of 49.75% water, 49.75% ethylene glycol and 0.5% Tergitol with 
a trace of sodium fluorescene dye was selected as representative for the 
present study and was used for all subsequent testing. 

Fluid Coverage General Observations 

After some preliminary testing, a test matrix was established for the 
injection surface samples that included three tunnel q values, 97.76, 293.3 
and 488.8 N/m (2, 6 and 10 psf). Flap deflections of 0, 0.785, and 1.047 
rad (0°, 45 and 60 ) index settings were calibrated for C distribution 
and Q were found to^roduce stagnation lines of 0.017, -0.139, tnd -0.331 rad 
(+1 , -8 and -19 ) respectively measured around the cylinder surface from 
the forward horizontal axis. Aerodynamic analyses of the baseline airplane 
airfoil showed that this range of stagnation line travel was more than 
enough to encompass the range on the airplane through ground roll, rotation 
and climbout. These tunnel q values and stagnation line locations were 
used for testing all specimens. 

The specimens were tested at various locations around the cylindrical 
leading-edge surface by rotating the cylinder. The range of angular loca- 
tions varied for different specimens as their flow characteristics showed 
that testing in some locations was unwarranted. These locations ranged 
from 0.3^9 rad (20 ) upward to 0.349 rad (20 ) downward for the various 
specimens and all were tested in a minimum of 3 locations. In addition, 
all specimens were tested over a range of liquid flow rates. This range 
varied among the specimens depending on their individual characteristics. 

Aside from the specific characteristics peculiar to each of the indi- 
vidual specimens, they all displayed similar fluid film characteristics 
that were dependent on the identified forces acting on the fluid. As would 
be expected, the quality of film coverage of the surface improved at higher 
flows and higher tunnel q values. At a tunnel q of 95.7 N/m (2 psf), the 
liquid flow was nearly always downward with a strong tendency to form 
rivulets. This indicates that the dynamic forces were insufficient to 
overcome the gravitational force acting on the liquid and, in general, 
occurred regardless of the injection point location relative to the 
stagnation line or the quantity of liquid injected. 

2 

At a tunnel q = 287.3 N/m (6 psf), the liquid flow could be either up- 
ward, downward or both depending on the location of the point of injection 
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relative to the stagnation line. If the liquid was injected on or below 
the stagnation line the liquid flow was downward and if 0.175 rad (10 ) or 

more above the stagnation line the flow was generally upward. When the 

liquid was injected between about 0.087 rad (5 ) and 0.179 rad (10°) above 
the stagnation line and liquid could simultaneously flow both upward and 

downward. In general, the weaker the flow in a given direction, the 

greater the tendency to form rivulets. This dual direction flow charac- 
teristic was increased at higher liquid flow rates with a decrease in the 
tendency to form rivulets. This characteristic appeared to depend entirely 
on the relative location of the injection point to thp stagnation line. 

Film coverage was generally good at tunnel <^ = 287.3 N/m (6 psf) except at 
low liquid flows or when injected between 0 and 0.175 rad (10 ) above the 
stagnation line with rivulets forming in both cases. 

2 

When tunnel q was increased to 478.8 N/m (10 psf), the flow charac- 
teristics wer^ found to be quite similar to those observed with the tunnel 
q = 287.3 N/m (6 psf). As would be expected, the aerodynamic forces had a 
general smoothing effect on the film coverage with a reduction in the 
tendency to form rivulets. A direct comparison between the two tunnel q 
values at the same injection point showed relatively little difference. 
However, in the range of injection point locations between 0° and 0.175 rad 
(10 ) above the stagnation line, differences became more pronounced. In 
cases where some upward flow occurred with strong pendencies to form rivu- 
lets at the lower q, the increase in q to 478.8 N/m (10 psf) increased the 

upward flow and the rivulets either disappeared or greatly diminished. In 
cases where the liquid flow was predominantly upward with some downward 
rivulets occurring at q = 287.3 N/m~ (6 psf), the downward flow disappeared 
at the higher q and a reinforced and smoothed upward flow resulted. 

Surface Configurations 

The testing from which the above general observations were drawn was 
conducted on six different surface configuration specimens as listed on 
Table 33. 

These specimens all had a 12.7 cm (5 in) spanwise length along the sur- 
face of the leading-edge cylinder with a 5.08 cm (2 in) circumferential 
width. They were flush bonded into the surface of the cylinder. The bond- 
ing surface constituted the outer 1.27 cm (0.5 in) perimeter of the speci- 
men leaving a 10.16 cm (4 in) by 2.54 cm (1 in) available active test area. 

In the case of the perforated and porous specimens, this entire 10.16 by ^ 
2.54 cm (4 in by 1 in) area was used for liquid injection but a 7.62 cm (3 
in) slot length was used for all slot tests. It should be noted that the 
2.54 cm (1 in) circumferential dimension of the active area constituted 
approximately 0.332 rad (19 ) around the surface of the cylinder. 

The perforated specimen was a patterned matrix of 0.00945 cm (0.00372 ^ 

in) nominal diameter electron beam drilled holes resulting in a 0.569% ✓ 
porosity or open area. Figure 138(B) illustrates the fluid flow from this 
perforated specimen at a tunnel q = 478.8 N/m (10 psf). In this example, 
the liquid flow rate was 0.0429 kg/min/cm (0.24 lb/min/in) of gctive span. 

The figure illustrates a stagnation line location 0.157 rad (9 Q ) below the 
center of the test area locating the stagnation 0.017 rad (1 ) above the 
bottom of the test area. Most of the flow was injected well above the 
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TABLE 33. SURFACE TEST CONFIGURATIONS 


Sample 

Type 

Poros itv/Width 

Notes 

A 

Perforated 

0.5697. 

.00945 cm (.00372 in) holes 

B 

Slot 

0.0152 cm (0.006 in) 

Sawed 

C 

Porous 

6.3% 

Rigimesh #1522 metal 

D 

Porous 

2.2% 

Rigimesh #1526 metal 

E 

Slot 

0.00635 cm (0.0025 in) 

Sawed 

F 

Double Slot 

0.0127 cm* (0.005 in)* 

Sawed « • 


*Two parallel sloes 1.5875 cm (0.625 in) apart. 

' l 

stagnation line and the flow was predominantly up with strong rivulet 
formations downward. Toward the right extremity of the flow coverage, 
discrete streams may be seen. These were apparently the result of the flow 
coalescing from groups of perforations which was characteristic of the 
perforated configuration at lower flows. When the stagnation line was 
raised higher onto the perforated surface, good coverage of the lower sur- 
face was observed. However when the flow was reduced to about 50? of the 
rate shown and at the stagnation line location shown, flow from the lower 
portion of the active area ceased and flow only issued from the upper 
portion of the area and flowed upward. This was the result of a very low 
liquid pressure differential across the perforated material and the in- 
ternal liquid pressures were not sufficient to overcome the higher surface 
pressures near the stagnation line. It was felt that, while smaller dis- 
crete perforations may be drilled by the election beam proces, it was not 
likely that they could be made sufficiently small to overcome this pressure 
differential effect relative to the stagnation line pressures at airplane 
flight speeds. Although some of these characteristics could undoubtedly be 
overcome, the perforated configuration was rejected for this study. 

Figure 138(A) illustrates one of the two porous surfaces tested. Both 
specimens tested were manufactured by Aircraft Porous Media Incorporated , a 
subsidiary of the Pall Corp. of Glen Cove, N.Y. The material is marketed 
under the trade name of Rigimesh and consists of two or more layers of high 
temperature woven metal mesh integrally sinter-bonded together. Various 
porosities are achieved by selecting the number of layers, the weave and 
the density of the weave. The samples tested included porosities equiva- 
lent to 6.3% and 2.2? open area, the latter being shown on the figure. In 
the case illustrated, tunnel q was 478.8 N/m (10 psf) and the stagnation 
line was coincident with the centerline of the active area of the specimen. 
The flow was 0.0289 kg/min/cm (0.162 lb/min/in) of active span. In general 
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(A) Porous 


Figure 138. Surface test- samples 

this material behaved much the same as the perforated material, although at 
a much lower flow. The porous material did result in a more uniform liquid 
distribution without the streaking noted with the perforated material. How- 
ever, when the stagnation line was lowered toward the bottom of the porous 
sample, rivulets formed similar to those illustrated for the perforated 
material. The high equivalent open area and lower flows of this example 
display again the problem associated with a low pressure differential 
across the material. Comparisons of the results of this specimen with the 
test results using the increased porosity specimen showed the benefits of 
lower equivalent open area. The pressure differential effects can un- 
doubtedly be overcome by further decreases in equivalent open area, even at 
expected airplane flight conditions. However, the greatest difficulty in 
using this type of material is the necessity for a spanwise butt joint with 
the titanium skin in the critical leading-edge region where sensitivity to 
surface irregular ities is greatest. A smooth joint between these two dis- 
similar surface materials would be particularly difficult to maintain in 
production. For this reason, this configuration was regarded as satisfac- 
tory but undesirable from the standpoint of manufacturing. 


(C) Slot 


(B) Perforated 
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An example of a single slot is illustrated in Figure 138(C). This slot 
was nominally 0.0152 cm (0.006 in) wide but varied up to 0.0178 cm (0.007 
in) at one end. The slot was located 0.175 rad (10°) below the forward 
centerline and the stagnation line^ was approximately 0.087 rad (5 ) below 
the slot; tunnel q was 478.8 N/m (10 psf ) . The slot flow was 0.0193 
kg/min/cm (0.108 lb/min/in) of slot span. This flow is less than 5055 of 
the flow illustrated for the perforated sample in (B) and 3055 less than the 
flow illustrated for the porous material in (A). The stagnation line 
location was selected to illustrate the quality of the surface films when 
the slot flow splits, passing both upward and downward, and to illustrate 
upward flow from a slot located on the lower surface. The coverage was 
good and continued to be good with significantly lower flows, lower tunnel 
velocities and at locations of 0.349 rad (20°) below the leading-edge. Ad- 
mittedly, the stagnation line location was uniquely selected in this 
illustration . 

Figure 137(B) provides a good illustration of the slot flows whgn the 
stagnation line is located further below the slot, 0.234 rad (13.4 ) for 
the upper slot, and the fluid forms a good film coverage over the upper 
surface. The figure also shows a good example of slot flow when the stag- 
nation line is only very slightly below the slot as is the case of the 
lower slot, downward rivulets of flow form from the slot. The combined 
flow from these two slots is approximately equal to that of the single slot 
illustrated in Figure 138(C). Therefore, the flow per slot in 137(B) is 
about half that from the single slot in 138(C) and poorer flow coverage 
from the lower slot results. When the stagnation line is located about 
0.017 rad (1 ) above the slot, the downward flow film appears much like the 
downward flow in Figure 138(C). 

The slots in Figure 139 were hoth 0.0127 cm (0.005 in) wide and were 
spaced 1.588 cm (0.625 in) or 0.209 rad (12 ) apart. As seen in Figure 
137(B) there is. no flow coverage between the two slots when the stagnation 
line falls only slightly below the lower slot. As the stagnation line 
falls farther below the slot, good film coverage occurs between the slots 
as well as on the upper surface. Conversely, as the stagnation line moves 
upward from that shown in Figure 137(B), good film coverage between the two 
slots does not result until the stagnation line reaches the vicinity of the 
upper slot and the upper slot flow splits both upward and downward. It is 
considered that the stagnation line transients involved in an airplane 
take-off and climbout would result in only momentary exposure of various 
spaces between multiple slots to a no-liquid-film condition. Figure 139 
illustrates such a transient. The same slots of Figures 137 are shown at 
the same tunnel q and a slot flow of approximately 0.0177 kg/min/cm (0.099 
lb/min/in) of slot. The slots are approximately centered on the leading- 
edge centerline. In Figure 139(A), the stagnation line is about 0.017 rad 
(1°) above the leading-edge centerline and both slots flow giownward o . As 
the stagnation line moves downward to 0.140 and 0.331 rad (8 and 19 ) be- 
low the leading-edge centerline in Figure 139(B) and (C), respectively, the 
slot flow splits and then both flow upward successively. 

The good film coverage provided by the slots coupled with the compati- 
bility of the surface materials and 'the similarity to suction slots from a 
manufacturing standpoint led to the selection of slots for the baseline 
liquid film injection configuration. Slots could also provide both 
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Figure 139. Effects of stagnation location 

functions where both suction and cleaning liquid injection are required at 
the same location on the airfoil surface. 

Insect Impingement 

Insect accretion tests were performed with blowflies, blowfly larvae, 
houseflies, and fruit flies. The blowflies, which weigh more than seven 
times as much as houseflies, simulate the majority of moths which might be 
encountered at night. These insects were found to leave no accretion on a 
dry surface when injected 20.3 cm (8-in) upstream without any pre-injection 
velocity. When injected at a higher velocity, good examples of accretion 
were observed on a dry surface for all insects tested. At this increased 
injection velocity, it was determined that there was no observable accre- 
tion of fruit flies when there was any liquid film flowing over the sur- 
face. Blowflies, blowfly larvae and, to a lesser extent, houseflies were 
seen to accrete with the lowest liquid film coverages but the accretion was 
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entirely removed by the liquid film in less than approximately 3 sec. With 
higher liquid film flows, removal of the accretion was almost instantan- 
eous . 

It was observed that the leading edge surface remained wet for about 15 
to 20 sec after the liquid flow was turned off. Tests were run in which 
the liquid flow was interrupted and insects were accreted on the wet sur- 
face with the film coverage then restored. Again the film flow removed the 
accretion. This demonstrated that stagnation line transients should in- 
fluence the film coverage sufficiently to prevent accretion in the space 
between the slots where the film was momentarily interrupted during takeoff 
and climbout. This also suggests that a pulsing fluid film might be suf- 
ficient to prevent accretion at a greatly reduced total flow. This concept 
would require evaluation in actual flight test. 

Limited tests were performed to determine whether the cleaning fluid 
, could remove accretion that accumulated on a totally dry surface. It was 
found that the liquid film could not remove accretion from a totally dry 
surface even if the liquid was turned on almost immediately after the 

accretion took place. 

6. 4. 3. 2 Full-Scale Wind-Tunnel Testing 

i 

The primary contractual objective of the leading-edge test article was 
to develop design and fabrication techniques, as discussed in Section 
6.2.3. A secondary contractual objective was the demonstration of the 
leading-edge cleaning system on the article in a wind tunnel. To these 
objectives, a third, Lockheed-funded program, was added to evaluate the 

suction system characteristics. 

The contractual test objective included the demonstration of the 

leading-edge cleaning system control of insect accretion and the determina- 
tion of cleaning system effects on suction slot characteristics. The 

Lockheed-funded test objectives included determination of the suction 
system characteristics and the interactive effects between the suction 
system and the boundary layer. 

LFC Systems Design 

The design and fabrication objective required that both the cleaning 
system and suction system be designed to simulate an actual airplane appli- 
cation. Only minimal compromises were required to adapt this design to the 
wind-tunnel application. The suction surface design was defined by the 
procedures described in Section 6.3.2. 1 and resulted in the nominal con- 
figuration dimensions shown in Tables 34 and 35 for the upper and lower 
surfaces, respectively. 

This configuration included some compromises for manufacturing and 
structural capabilities and did not strictly adhere to the design criteria 
limits indicated in 6.3.2. 1. One of the imposed structural limitations was 
that the slots should be no closer than 1.575 cm (0.62 in). This was a 
primary consideration in the location of the first few suction slots on 
both the upper and lower surfaces. The slot metering and ducting system 
was designed as described in Section 6.3.3. 1. However, it was desired to 
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TABLE 34. NOMINAL LEADING EDGE SLOT GEOMETRY- 
UPPER SURFACE 


Slot Width Sloe Spacing 


Slot 

x/ c 


cm 

( in) 

cm 

( in) 

U1 

0.022 


0.00686 

(0.0027) 

1.689 

(0.665) 

U2 

0.030 


0.00686 

(0.0027) 

1.575 

(0.620) 

U3 

0.037 


0.00686 

(0.0027) 

1.575 

(0.620) 

U4 

0.046 


0.00686 

(0.0027) 

1.654 

(0.651) 

U5 

0.055 


0.00686 

(0.0027) 

1.892 

(0.745) 

U6 

0.069 


0.00813 

(0.0032) 

2.705 

(1.065) 

U7 

0.090 


0.00940 

(0.0037) 

4.105 

(1.616) 

ua 

0.126 


0.01067 

(0.0042) 

6.919 

(2.724) 

U9 

. 0.183 


0.01448 

(0.0057) 

10.902 

(4.292) 

independently control and 
spanwise segments of each 
to individually duct each 
rather than meter them 
described in Section 6.3.3 

measure the suction flow through each of three 
slot. To obtain this control, it was necessary 
of these slot segment flows to the control room 
directly into the leading-edge trunk duct as 
.1. 


Figure 140 is a schematic illustration of the suction system for one 
slot showing the three 40.64 cm (16-in) spanwise segments in the 121.9 cm 
(48-in) active suction test section. Although it is anticipated that the 
slot collector ducts in an actual airplane application will be uninter- 
rupted, dams were located in the test panel every 40.64 cm (16-in) to 
isolate the segment flows. Each 40.64 cm (16 in) segment had 2 nipples 
installed in the slot collector duct which were connected by a T fitting to 
a common flexible tube leading to the control room. Segment control 
valves, a slot flow venturi and a slot control valve for each slot were 
mounted on a master suction control panel located in the control room. 
Suction lines from all slots were connected through a single shut-off valve 
to a roots blower suction pump system which was equipped with an auto- 
matically controlled inlet vent to prevent pump stalling. Instrumentation 
included the pressure and temperature measurements indicated in Table 36, 
which are keyed to the numbered locations on Figure 140. 
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TABLE 35. NOMINAL LEADING EDGE SLOT GEOMETRY — 



LOWER SURFACE 

Slot Width 

Slot 

Spacing 

Slot 

x/ c 

cm 

( in) 

cm 

( in) 

LI 

0.020 

0.00686 

(0.0027) 

1.575 

(0.620) 

L2 

0.028 

0.00686 

(0.0027) 

1.575 

(0.620) 

L3 

0.035 

0.00686 

(0.0027) 

1.575 

(0.620) 

L4 

0.043 

0.00686 

(0.0027) 

1.575 

(0.620) 

L5 

0.051 

0.00686 

(0.0027) 

1.575 

(0.620) 

L6 

O'. 061 

0.00813 

(0.0032) 

1.763 

(0.694) 

L7 

0.071 

0.00813 

(0.0032) 

2.159 

(0.850) 

L8 

0.084 

0.00813 

(0.0032) 

2.238 

(0.881) 

L9 

0.101 

0.00940 

(0.0037) 

3.345 

(1.317) 

L10 

0.128 

0.01067 

(0.0042) 

5.179 

(2.039) 

LI 1 

0.183 

0.01448 

(0.0057) 

10.366 

(4.081) 


TABLE 36. SUCTION SYSTEM INSTRUMENTATION 

(1) Slot collector duct segment pressure 

(2) Segment line pressure 

(3) Suction flow temperature 

(4) Slot flow venturi reference pressure 


(3) Slot flow venturi throat pressure 



It was concluded that the results of the subscale cleaning test 
described in Section 6.4.3. 1 would support the selection of a leading-edge 
cleaning system slot and slot duct of the same configuration as the suction 
slots. Analysis of the flows and pressure losses of the metering system 
and slot for the cleaning system application also supported this con- 
clusion. Therefore, the cleaning slots, ducts and metering configuration 
were selected to be the same as the forward suction slots. An analysis of 
stagnation line movements around the leading edge during a takeoff and 
climbout indicated a stagnation line movement back to approximately 1.2? 
chord on the lower surface. Accordingly, slots were located such that 
there would always be at least one slot above and one slot below the 
stagnation line. The minimum slot spacing of 1.575 cm (0.62 in) noted 
previously was also selected. This resulted in the cleaning slot con- 
figuration shown in Table 37 and illustrated on Figure 141. 

As in the case of the suction slots, it was desired to independently 
control and measure the liquid flow to each slot and control the flow to 
each of three segments of each slot. This system is illustrated 
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TABLE 37. LEADING EDGE SLOT GEOMETRY— CLEANING SYSTEM 


Slot 

x/c 

Slot 

Width 

Sloe 

Spacing 

cm 

( in) 

cm 

( in) 

W1 

0.00023* 

0.00686 

(0.0027) 

1.575 

(0.620) 

W2 

0.00065 

0.00686 

(0.0027) 

1.575 

(0.620) 

W3 

0.00349 

0.00686 

(0.0027) 

1.575 

(0.620) 

W4 

0.00799 

0.00686 

(0.0027) 

1.575 

(0.620) 

W5 

0.01374 

0.00686 

(0.0027) 

1.575 

(0.620) 


^Located on upper surface 



Figure 141. Cleaning slot configuration 
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schematically in Figure 142. It was also observed that at high pitch 
angles there is a tendency for the liquid in the slot and slot manifold 
ducts to flow toward the low end of the slot. This would result in 
excessive flow at the lower end of the slot with flow starvation at the 
upper end. A similar characteristic results during airplane acceleration 
due to the wing sweep with the excessive flow occurring at the most aft 
portions of the slot. To prevent this occurrence, dams were located at 
20.32 cm (8-in) intervals in both the slot and slot metering ducts. A 
tendency would still exist in the upstream metering system to supply more 
flow to the lower/aft end of the slot. This was counteracted by the 
insertion of a high-pressure-drop restrictor in the liquid supply line to 
each 20.32 cm (8 in) segment. These were 2.54 (1 in) long segments of 

0.1397 cm (0.055 in) inside diameter tubing. Each slot system was 
connected through a venturi meter and slot control valve. All slot lines 
were connected to a liquid reservoir through a common shutoff valve. The 
reservoir was pressurized by a compressed gas source through a regulator 
valve. The cleaning system was instrumented with the pressure and tem- 
perature measurements listed in Table 38 which are keyed to the numbered 
locations on Figure 142. 

The test panel was mounted in a simulated airfoil section illustrated 
in Figure 143. The forward 35% of the full-scale chord airfoil was simu- 
lated. Beyond this pint the airfoil was truncated, blending to a flat 
plate afterbody. The surface instrumentation locations are also shown on 
this figure for the keyed instrumentation listed in Table 39. 

121.92 cm 



207 



TABLE 38, CLEANING SYSTEM INSTRUMENTATION 


(1) Slot manifold duct pressures 

(2) Segment line pressure 

(3) Slot flow venturi reference pressure 

(4) Slot flow venturi throat pressure 

i 

(5) Reservoir pressure 

(6) Reservoir temperature 

Item 4 in the tabulation was a Preston probe rake that consisted of 24 
probes located on 2.54 cm (1 in) centers and was mounted on the airfoil 
immediately behind and parallel to the test panel so that it sampled the 

flow over the test panel surface. All other surface instrumentation was 

permanently mounted on the surface in lines oriented 0.175 rad (10 ) to the 
streamline direction in order to avoid any wake effects. The model airfoil 
was swept to 0.436 rad (25') and large flat end plates were installed to 
eliminate end effects. The airfoil section was mounted in the Lockheed low 

speed wind tunnel on three pylons as shown in Figure 144 so that as the 

model was pitched up to high angles, of attack the leading edge slope 
approximated that of a 0.436 rad (25°) swept airplane when rotated to the 
same attitude. 

Figure 145 shows the insect injector that was suspended on a system of 
cables between the top and bottom of the wind tunnel about 4.57m (15 ft) 
upstream of the airfoil. The injector consisted of two 7.62 cm (3 in) 
flow-through tubes 50.8 cm (20 in) long mounted one over the other on 12.7 
cm (5 in) centers. Toward the upstream end of each, a 2.^4 cm (1 in) tube 
penetrated the 7.62 cm (3 in) tube at a 0.785 rad (45 ) angle pointing 
downstream and extending slightly into the larger tube. From these 2.54 cm 
(1 in) tubes, flexible tubes led to hoppers located above the wind tunnel. 
During the testing, live but anesthetized insects were manually dropped 
into the hoppers at prescribed rates. The insects were then sucked into 
the tube where they accelerated to approximately tunnel velocity. 

The Lockheed low-speed wind tunnel has a 7.12 by 4.95m (23.36 by 16.24 
ft) test section with a continuously variable range of q values from 191.5 
to 3830.4 N/m (4 to 80 psf) or approximately 14.3 to 285 km/hr (7.7 to 154 
kn). The tunnel is equipped for automatic data recording and on line data 
reduction . 

Preliminary Testing 

Prior to initiating wind-on testing, baseline data were recorded for 
the cleaning test. The suction system slot segment valves were adjusted to 
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19.69 cm 



provide equal flow across the span of a slot. The slot flow control valves 
were then adjusted to produce nominal suction flow distribution level. 
Suction flow and pressure data wore recorded. 


% 


C distribution and stagnation line location data were recorded for a 
range p of tunnel velocities up to the maximum and airfoil pitch angles for 
0 up to approximately 0.262 rad (15 ). A tunnel transient test routine 
was established to best represent airplane takeoff and climbout within the 
wind tunnel limitations. The tunnel velocity was accelerated from 
approximately 6^ to 259 km/hr (35 to 140 kn) in 75 sec at an airfoil angle 
of attack of 0 to simulate takeoff ground roll. The tunnel velocity was 
held constant while the airfoil angle of attack was increased to 0.262 rad 
(15; in 15 sec. to simulate rotation and the tunnel velocity was then in- 
creased to 285 km/hr (154 kn) to simulate climbout. This sequence was used 
for subsequent transient tests. 
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TABLE 39. SURFACE INSTRUMENTATION 



(1) Surface static pressure taps at selected slots 

(2) Surface static pressure taps at 3*81 cm (1*5 in) intervals 

(3) Surface Preston probes and surface static pressure taps 
at alternate 3.81 cm (1.5 in) locations 

(4) Slot Preston probes on slot No. 5 and higher 

(5) Relocatable 24 Preston rake 

(6) Trailing edge B. L. rake pressures 


Figure 144. Installed wind tunnel model 
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Figure 145. Insect injector 

The Lockheed suction testing was conducted at this point in the program 
to preclude contamination from insect accretion or cleaning fluid. 

Insect Accretion Pattern 

Previous analysis had indicated that the insect injector would produce 
a disperson of insects across approximately 0.6096m (2 ft) of the test 
panel span which was intended to be concentrated on the central 45.72 cm 
(18 in) slot segment. An allowance for a normal distribution of insects 
around a 45.72 cm (18 in) dispersion pattern was assumed along with an air- 
plane takeoff profile. The highest insect distribution rate found in the 
literature was assumed for airborne insects as a function of altitude. 
This was reported in the 1939 researches of P. A. Glick (Ref. 30). The 
weight of airborne insects was assumed to follow the frequencies shown in 
Reference 31 that were reported by J. A. Freeman in 1945. These assump- 
tions, together with the assumed airplane takeoff and climbout profile were 
used to determine a representative insect injection rate for test simula- 
tion. It was found that this would require a total of less than 10 insects 
in the dispersion pattern to simulate a complete airplane takeoff and 
climbout. Further, only one of these insects would be as large as a house- 
fly, in fact the mass of a housefly is nearly seven times the average mass 
of a Freemen distribution. The previous subscale testing described in 
Section 6.4.3. 1 indicated that the greatest demands on the cleaning system 
would be imposed by the impact of larger insects such as blowflies. Con- 
sequently, houseflies and blowflies were selected for the test. 



211 


Figure 146 illustrates the insect accretion of blowflies injected con- 
tinuously during a simulated takeoff, climbout schedule on a totally dry 
surface. The blowfly injection frequency rate was 16 times that determined 
from the preceding assumptions and analysis to be required for a repre- 
sentative airplane takeoff and climbout. The blowflies injected in this 
test approached 800 times a representative weight. Insect accretion on the 
lower surface occurred during the portion of the run at 0.262 rad (15 ) 
angle of attack and may be seen to extend back to 35% chord. Figure 147 
shows a closeup of upper surface accretion for this same run. Evidence of 
insect accretion may be seen as far back as 5 % chord on the upper surface. 
The extremely high concentration of impacts may be clearly seen in the 
stagnation region. Other insect accretion runs were made on a clean dry 
leading edge and an insect injection frequency 8 times that required for a 
typical takeoff, climbout was selected as providing a good demonstration 
without needlessly overloading the surface with insects. When blowflies 
were injected, this rate impacted approximately 400 times the mass of in- 
sects that would be representative of a typical takeoff. The injection 
frequency 8 times the typical rate was used for all further testing. 

Cleaning Fluid Distribution 

Initial tests were run to adjust the cleaning system and determine the 
liquid film coverage for a representative takeoff and climbout. It was 
found that a combination of difficulties precluded achieving design fluid 
film coverage of the lower surf face. The most notable problems were with 
the non-production test plumbing contained inside the leading-edge test 



Figure 146. Dry leading edge accretion insect ratio = 16 run No. 34 
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Figure 147. Dry leading edge accretion insect ratio * 16 run No. 34 closeup 

panel. Numerous leaks in the internal plumbing systems of slots W3, W4 and 
W5 (see Figure 141) totally prevented use of slots W4 and W5. One outboard 
segment of slot W3 also leaked excessively and could not be used. It was 
also found that although slot number W3 had been cut with a nominal 0.00762 
cm (0.003 in) saw, the central portion of the slot had closed up to less 
than 0.00127 cm (0.0005 in) after being cut. This virtually eliminated any 
liquid film coverage of the lower control portion of the leading edge where 
the insect impacts were concentrated at any appreciable angle of attack. 
It was also found that the average widths of slots W1 and W2 were wider 
than nominal, approximately 0.1143 and 0.0089 cm (0.0045 and 0.0035 in) re- 
spectively. 

Cleaning System Demonstration 

Because of the poor cleaning fluid distribution to the lower surface, 
testing at higher angles was limited. By setting the airfoil to -0.026 rad 
(-1.5 ), good liquid film coverage of both the upper and lower surface was 
obtained from slots W1 and W2 respectively. Figures 148 and 149 illustrate 
a run in which this angle was held constant while the tunnel velocity was 
increased from a q = 239.4 N/ni (5 psf ) , to a q = 3830 N/rn (80 psf) with 
approximately design cleaning flow rate from slots 1 and 2. Blowflies were 
injected continuously throughout the run at a frequency rate 8 times the 
representative level. Figure 148 shows the liquid flow film over the sur- 
faces at the lower q while Figure 149 shows the liquid film at q = 3734.6 
N/m (78 psf). At the higher tunnel q, the film is seen to be thinner and 
smoother than at the low-speed condition. Both upper and lower surface 
film coverages were good throughout the test run. The fluid filnu remained 
completely attached to the lower surfaces even at q = 239.4 N/m (5 psf) 
and at the -0.026 rad (-1.5°) angle of attack, actually flowed upward 
toward the trailing edge. In no case throughout the test was the liquid 
seen to prematurely separate from the lower surface when the tunnel was 
turned on. 
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Figure 148. Test run No. 41, q = 239 N/ m 2 (5 lb/ft 2 )a= 0.262 rad (15°) 

Approximately 80 blowflies had been injected at the time the Figure 
149 photograph was taken. Two insect impacts can be seen in the original 
color photograph but are indistinguishable from other leading edge polish 
marks in the figure. These impacts were totally contained on the surface 
between slots W1 and W2, the area that had no liquid film coverage during 
the run. These wer^ the only evidence of residual accretion found during 
close inspection following the run, even though insect mass flow rate had 
been extremely high. 

Takeoff, climbout simulation runs were made in which the airfoil angle 
was increased to 0.087 rad (5 ) with housefly injection. Even with the 
extremely deficient lower surface cleaning film flows there was only one 
instance of very questionable insect accretion. During the first part of 
these runs, slot W 2 formed a film on the lower surfaces for approximatgly 
the first 75 sec. As the airfoil angle was increased to 0.087 rad (5 ), 
the flow from W2 reversed direction and flowed over the upper surface. 
Apparently there was a sufficient residual film on the lower surface from 
slot W2 to prevent accretion from the houseflies. Numerous other runs were 
made at various flow rates and in which the airfoil angle was increased to 
0.105 rad (6 ). In no case during any of the test was residual accretion 
found on any surface that had been protected by design levels of cleaning 
fluid flow. 
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Figure 149. Tesf run No. 41, q = 3735 n/m 2 (78 lb/ft 2 ) x = 0.262 rad (15°) 


It was also observed, in tests run with the airfoil pitched up to 
approximately 0.262 rad (15°), that good spanwise distribution of the 
cleaning liquid film was obtained from slots W1 and W2. There was no dis- 
cernable evidence of excessive flow from the lower end of the slot or flow 
starvation at the upper end. This observation applies to all tunnel q 
values and cleaning liquid flow rates run at this angle. This appears to 
confirm the adequacy of the internal metering and distribution system to 
overcome the leading edge slope and acceleration effect on distribution. 

Checks of the suction system following the cleaning liquid demonstra- 
tions disclosed that residual liquid partially blocked the slots. It was 
also found that much of the suction system internal pressure instrumenta- 
tion, including the venturi flowmeters, had cleaning liquid in the lines. 
It was apparent that the slots must be either artificially purged or given 
sufficient time with external airflow for residual cleaning liquid to dry. 
It was also apparent that the suction system internal pressure instrumenta- 
tion required artificial purging. This might be extended to include all 
surface pressure instrumentation in a flight test program where it cannot 
be protected during the cleaning tests as it was in the wind tunnel. It 
was also observed in the suction system testing that the open, unsucked 
leading-edge cleaning system slots did not prevent laminarization of the 
upper surface. A similar observation cannot be made relative to the lower 
surface. A poor lower surface hinge-line surface joint appeared to be the 
cause of failure to laminar ize the lower surface. 
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6.5 AUXILIARY SYSTEMS INTEGRATION 


The two unique LFC systems required for an LFC airplane are the suction 
system and the leading-edge system to prevent insect accretion. There 
would be obvious advantages from integrating either of these systems with 
any of the normal airplane auxiliary systems or using these systems to 
perform some additional beneficial functions. The suction system includes 
a suction pump or compressor and power unit and involves a significant 
amount of airflow. The possibilities of integrating all or some part of 
this system with the airplane environmental control system (ECS) or auxil- 
iary power unit (APU) system are both obvious and enticing. Several var- 
iations of integrating these systems have been considered and in each case, 
basic mismatches or complexities appear to outweigh any advantages. 

One system considered was the use of the suction airflow to supply the 
ECS requirements. There is sufficient suction air passing through one of 
the suction units to satisfy the ECS cruise requirements. However, the 
suction pump was selected to discharge the suction air at free stream 
velocity. The pump compresses the suction air sufficiently to increase the 
pressure from the low pressures of the wing surfaces, with the additional 
pressure losses of the suction and metering system, to the free stream 
total pressure conditions. This compression increases the temperature of 
the suction air at the cruise condition to 331 K (597°R). To meet the ECS 
pressurization and pressure loss requirements necessitates a further com- 
pression ratio of 3.5, or the same as free stream ram air would require. 
This compression of the ram air requires 428 kW (575 HP) while the addi- 
tional compression of the suction air would require 588 kW (788 HP) due to 
the previously elevated temperature of the suction air, 331 K (597 R) 
versus 251°R) for ram air at M = 0.8 at 11 582m (38 000 ft). This is an 
increase of 3751 in the power required to compress the suction air over that 
of ram air. Additionally, the still higher temperatures of the further com- 
pressed suction air would require more refrigeration and a larger refrig- 
eration system than is required for a ram air system. The net thrust/drag 
of these two systems is the same. Several variations of this system were 
considered but all showed that there were no advantages and numerous 
penalties associated with use of suction air in the ECS system. 

Similarly, several schemes were considered for using the suction unit, 
suction compressor, and power unit, in place of an APU. The suction pump 
pressure ratios are not compatible with the APU functional requirements. 
The additional compression requirements plus the requirements for 90 kVA 
electrical power precluded any advantages of using the suction pump. Using 
the suction pump power unit to drive a separate compressor and alternator 
would require an elaborate clutching system to declutch the suction pump 
and clutch in the APU compressor and alternator. In addition, the high 
pressure ratios and loading of the suction power unit would require ex- 
tensive inlet and exhaust acoustic treatment to permit operation at the 
required power levels. These considerations, together with the weight, 
maintainability, and reliability problems associated with the clutching 
system appear to outweigh any possible advantages. 

In Reference 5, use of suction air for takeoff thrust augmentation, 
blown flaps, etc. were considered and found to offer no advantages. In the 
current study, the airplane would not benefit significantly from either of 
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these arrangements. To date, the incompatibilities of the suction system 
with other airplane systems have precluded any advantageous integrations 
among those considered. 

Integration of the leading-edge system to prevent insect accretion 
presented a more encouraging possibility. The leading-edge liquid film 
system for preventing insect accretion was found to be compatible with 
de-icing requirements and is similar to a system that has been successfully 
employed on operational airplanes for over twenty years. This integration 
was planned for the airplane and it was found that no basic modifications 
to the system were required for the de-icing function. The selected method 
of injecting the liquid film onto the surface, i.e. slots, provides yet 
another integration possibility. With very slight modification to the 
system, suction may be applied to the cleaning slots so that they can 
double as suction slots if this should prove beneficial for laminarization. 
These considerations are discussed elsewhere in this report. 


7.0 CONFIGURATION SELECTION AND ASSESSMENT 


The ultimate objective of this study is the integration of selected 
system concepts into the baseline configuration to form a final LFC 
transport configuration, and the subsequent comparison of this aircraft 
with a similarly-optimized turbulent transport. This section summarizes 
the operational considerations which must be included in the selection of 
design options and describes the selected LFC configuration and supporting 
systems. The characteristics of an advanced technology turbulent transport 
are summarized and two aircraft are compared on the basis of weight, cost, 
and fuel efficiency. 


7.1 OPERATIONAL CONSIDERATIONS 

7.1.1 Airline Recommendations 


During the course of this contract Lockheed carried on a dialogue with 
Delta Air Lines to ensure that practical operational considerations were 
accommodated in the 1993 LFC transport. The following comments establish 
the Delta position on pertinent aspects of a 1993 LFC transport. 

(1) Airlines are interested in new aircraft systems which provide a 
20-25$ fuel savings, particularly if fuel allocations were to be 
imposed. Any such system must be tried and proven prior to 
widespread airline acceptance. 

(2) Delta would require structural warranties on a 1993 LFC transport 
of 80 000 flight hours or 60 000 cycles without major repairs. 
They would expect a 99$ mechanical dispatch reliability. 
Mechanical dispatch reliability, in this context, is defined as a 
percentage of revenue flights that depart within 15 min of 
schedule without incurring a delay or cancellation attributable 
to mechanical systems. Also, if the airplane could safely 
operate with LFC systems inoperative, Delta would allow revenue 
dispatch with the system inoperative. Performance warranties for 
the aircraft with LFC operative and without LFC would be 
required . 

(3) Along with dispatch reliability, Delta would require separate 
structural corrosion warranties and LFC system reliability 
warranties . 

(4) Delta would carry additional reserve fuel to account for the 
possibility of the hypothetical situation caused by LFC system 
failure at the midpoint of a 12 038 km (6500 n mi) flight. Such 
an occurrence would reduce the ultimate range by 1200 km (650 n 
mi) and increase fuel by approximately 12$. Final policy on 
operational procedures would be determined after the reliability 
of the system and its ability to function after a partial failure 
is determined. 
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(5) Maintainability of the LFC system would be a primary concern 
during aircraft detail design and specification reviews during 
the airline procurement cycle. Mechanical and reliability 
aspects, rather than optimum performance, would be influencing 
factors. Less complex systems are preferred. 

(6) Allowable system deterioration prior to overhaul is traded off 
against overhaul expense. Normally, an airframe/engine 
combination performance degradation of 21 - 5 % is allowable prior 
to overhaul. However, in a fuel-critical environment, such a 
wide tolerance may not be acceptable. 

(7) Operationally, a completely automatic LFC system would be 
desirable. However, economics will govern the final decision at 
the time of system acquisition. 

(8) Delta prefers "on-condition" maintenance procedures using 
periodic ground checkout. In-flight performance monitoring would 
be considered. Use of airborne data acquisition devices is not 
desirable . 

(9) Flight-by-flight pre-takeoff checkout is not necessary, although 
the capability for such checkout should be available for those 
cases of maximum range flights in which block fuel and reserves 
are dependent on LFC. 

(10) Smoothness tolerances such as 0.015 cm (.006 in) for surface 
roughness, 0.015 cm (.006 in) downsteps, and 0.028 cm (.011 in) 
and 0.046 cm (.019 in) chordwise and spanwise gaps, respectively, 
would present serious problems due to maintenance time, probable 
cost of labor in 1990, and the probable skill levels available in 
1990. 

(11) It would be necessary to allow maintenance personnel to walk on 
wing surfaces. Wing and empennage surface covers would not be 
desirable for ground protection of LFC surfaces. Use of a ground 
cart to provide reverse airflow to minimize ground contamination 
would not be desirable. The cost of owning and operating such 
equipment and the number of hours of required operation would 
negate considerable in-flight fuel savings. Cleaning of LFC 
aircraft leading edges prior to each flight would not be 
desirable from a maintenance cost standpoint. 

(12) Maintenance has overriding priority in Delta operational 
philosophy. They estimate that cost per maintenance manhour 
could conceivably reach $25-$30 per hour by the time fuel reaches 
$0.53/1 ($2. 00/gal) . 

(13) They strongly recommend that all primary structure be readily 
accessible; this requirement is reinforced by recent study of 
2,000 repair orders of which 55 % were corrosion, fatigue, or 
damage items. 


219 


7.1.2 Ground Operations 


Airline users of LFC aircraft will expect to maintain and handle this 
vehicle within the framework of their existing maintenance programs. While 
varying in details, airline maintenance programs are generally comprised of 


the following schedule inspections and 
o Post-flight/pre-flight 

o A Check 

o C Check 

o D Check 

o Unscheduled 

Assimilation of LFC transports in' 
the above areas of maintenance . 


intervals : 

Each flight 
Each 50 flight hours 
Each 1000 flight hours 
Each 8000 flight hours 
As required 

) fleet service will impact each of 


7. 1.2.1 LFC Maintenance Requirements 

Table 40 presents examples of LFC maintenance items which fall into the 
general categories listed above. 


Elements of an LFC system can be categorized in two major areas: 
functional systems and surfaces and ducting. The functional systems, which 
include suction pumps, valves, and controls, are similar to systems 
currently being maintained by the airline users and thus present no unusual 
maintenance requirements. 

The LFC surfaces with integral slots and ducting present unique 
maintenance requirements which airline operators have not previously 
encountered. These requirements result from the criticality of surface 
smoothness and cleanliness. New maintenance procedures for titanium 
covered, composite structure must be developed. Of particular importance 
are leading-edge panels which are more fragile than main box surfaces. 
Leading edges incur frequent, often unreported damage in current 
operations, but for LFC operations these surfaces will require immediate 
attention . 

With proper procedural planning and training, it is expected that 
required LFC maintenance can be successfully folded into normal airline 
maintenance programs. 

7.1.3 Flight Operation 


Throughout the development of LFC transport aircraft, it is imperative 
that the minimization of operational differences between LFC and current 
turbulent transports be maintained as a continuing objective. 
Consequently, the investigations of this study have been directed toward 
the development of an aircraft for which flight operations differ little 
from those of the current airline fleet. 
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TABLE 40. LFC MAINTENANCE REQUIREMENTS 


Periodic Maintenance (A, C, D Checks) 

o Inspection and testing of LFC ducting system - surfaces 
slots, metering holes and ducts — for proper flow, 
cleanliness, and smoothness 

o Inspection of pump installations for integrity of 
mounting, connections, and leakage 

o Operational check of. safety items, such as the 
duct-installed sniffers to detect fuel leaks 

o Inspection and check-out of leading-edge cleaning 
system for proper flow characteristics 

o Inspection/verification of LFC monitoring system 

Unscheduled Maintenance (as required) 

o Repair of damaged slots and slot ducts 
o Repair of trunk ducts 

o Repair/replacement of pumps and controls 

o Repair/ replacement of cleaning system components 

o Repair/ restoration of wing surfaces for 

smoothness and cleanliness 

Servicing - Post-flight /Pre-flight 

o Inspection/cleaning of leading edge 

o Replenishment of leading-edge cleaning fluid 
o Replenishment of suction pump lubricant 

o Flushing/purging of suction system ducting 
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The LFC aircraft of this study are compatible with the air traffic 
control systems and the general operating environment envisioned for the 
post-1990 period. The aircraft are compatible with the international 
mission profile discussed in Section 5.1 and are capable of operating under 
pertinent FAA rules. 

LFC aircraft will differ in flight operations in two areas: 

(1) Operation of LFC systems 

(2) Flight planning 

7. 1.3.1 LFC System Operation 

The in-flight operation of LFC aircraft of the current study differs 
frcm that of current transport aircraft primarily by the addition of two 
systems. A cleaning system is incorporated into the leading-edge region of 
the wings and empennage to prevent insect contamination, and a suction 
system is provided for laminarization of the same regions. 

Operation of the leading-edge cleaning system is limited to ground 
operations above 46 km/hr (25 kn) and the initial portion of the climb 
phase. For a typical flight, the system would be turned on at the 
beginning of the takeoff roll and turned off when the aircraft reached 914 
m (3000 ft) . 

The LFC suction system is designed to laminarize the wings and 
empennage over a limited flight envelope around the design cruise altitude. 
Thus, the suction pump would be started at an altitude above 6100 m (20 000 
ft), operated throughout the cruise portion of the flight, and turned off 
at about the same altitude during the descent phase. 

Both systems would be automated to the extent that actuation of a 
single control would be required for in-flight operations. Sensors in the 
trailing-edge region of the laminarized surfaces would be incorporated to 
provide a real-time indication of the state of the boundary layer. 

7. 1.3. 2 Flight Planning 

Consistent with the procedures currently in use by the airlines, flight 
planning for LFC transports would be required for each flight leg. For 

each flight, it will be necessary to examine fuel requirements for 

combinations of primary engine/ suction pump failures and establish reserves 
compatible with the most critical condition. While flight legs covering 
distances near the design range may require a reduction of the cargo 
payload, the LFC transport has adequate fuel volume to accommodate any fuel 
reserve requirement which may result. 

Without a reduction of cargo payload, the requirements of FAR 121.645 

are satisfied and adequate reserve fuel is carried to allow for loss of LFC 

due to weather phenomena during three percent of the mission cruise time. 
Allowances are also made for winds and fuel credibility as recommended in 
the mission definition study of Section 6.1. A 93 km/hr (50-kn) wind and a 
2 % fuel penalty account for these factors. The normal international 
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reserves ground rule of a 370 km (200 n mi) diversion distance was altered 
to include fuel for 6% of the design range to account for both alternate 
and track distance allowances. This produces a diversion distance of 722 
km ( 390 n mi) . 


7.2 CONFIGURATION DEVELOPMENT 
7.2.1 Configuration Variations 


During this study, many design options presented themselves as possible 
candidates for incorporation into the baseline configuration defined in 
Section 5.3- During an earlier contract (Ref. 5), many of these same op- 
tions were exercised to minimize block fuel. This contract identified 
Direct Operating Cost (DOC) as the optimizing parameter. Thus, these and 
other possible design and configuration variations were exercised to eval- 
uate their impact on DOC. 

Table 41 provides a listing of the options considered. In each case, 
the option was analyzed to assess the effect of the option on the total 
airplane. Figure 150 provides a graphic display of the DOC impact of the 
several configuration variations compared to the baseline LFC transport. 

Figure 150 shows that none of the configuration variations resulted in 
a significant reduction in DOC. A majority of the candidates had the op- 
posite effect. Thus, it is apparent that any configuration variation se- 
lected for incorporation into the final 1993 LFC transport would be chosen 
for reasons other than DOC, such as reduced block fuel, ease of aircraft 
maintenance, and manufacturing facility. Options 9, 12, and 14, in Table 
41 have no discernable effect on DOC, thus should be considered for incor- 
poration based on other considerations. A discussion of each and its dis- 
position follows : 

(1) Option 9 - Laminarize the wing only to 75% on both surfaces. To 
forego laminarization of the empennage surfaces is attractive 
from both airframe cost and in-service maintenance standpoints in 
that significant dollar savings are offered. However, these sav- 
ings are offset by the increase required in block fuel. Thus 
this option was not selected for incorporation due to the added 
fuel requirement. 

(2) Option 12 - Include trunk ducts in both leading and trailing 
edges. This configuration variation provides no fuel savings and 
it does increase the apparent complexity of the wing structure. 
While no cost increase could be identified, the option was not 
selected because of the added complexity with no offsetting im- 
provement . 

(3) Option 14 - Alternate paths for wing box access. No benefits in 
block fuel nor in manufacturing and maintenance costs are identi- 
fiable. Since any lesser benefits could only be identified 
through in-depth detail study in a later design phase, this op- 
tion was not incorporated . 
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TABLE 41. CONFIGURATION VARIATIONS 


Option 


No. 

Tide 

Baseline Aircraft 

Variation 

1 

Alternate Structural Material 

Graphite/Epoxy 

Aluminum Plate 

2 

Alternate Structural Material 

Graphite/Epoxy 

Aluminum Laminate 

3 

Variation in Slot 

Variable-Based on 
Slot Design Criteria 

"» * 35 

4 

Variation in Slot 

Variable-Based on 
Slot Design Criteria 

' 100 

5 

Variation in Extent of 
Laminar izat ion 

75% Chord, 
Both Surfaces 

25% Chord, 
Both Surfaces 

6 

Variation in Extent of 
Laminarizat ion 

75% Chord, 
Both Surfaces 

50% Chord, 
Both Surfaces 

7 

Variation in Extent of 
Laminarizat ion 

75% Chord, 
Both Surfaces 

90% Chord, 
Both Surfaces 

8 

Variation in Extent of 
Laminarizat ion 

75% Chord, 
Both Surfaces 

90% Chord, 
Upper Only 

9 

Variation in LFC Capability 

Wing and Tail 

75% Chord, 
Wing Only 

10 

Alternate Suction Pump 
Location 

Wing Root 

At Wing Break 

11 

Alternate Suction Pump 
Location 

Wing Root 

In Aft Fuselage 

12 

Alternate Trunk Duct 
Location 

Two in Leading Edge 

One LE and one TE 

13 

Alternate Slot Duct Path- 

Spanwise/Chordwise 

Spanwise to Root 

14 

Alternate Wing Access Means 

Through Lower Surface 

Through Rear Spar 
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Figure 150. DOC comparison - configuration variations 


7.2.2 Configuration Selection 

In Section 5.3. a baseline LFC passenger transport for the 1993 time 
frame was defined to satisfy the requirements of the selected mission. 
This airplane was a 400 passenger low-wing, T-tail configuration with four 
aft-fuselage mounted engines, designed to cruise at M = 0.80 at 11 582 m 
(38 000 ft) . 

Subsequent evaluation of alternative concepts and design options pro- 
vided no justification for major changes in the baseline configuration. 
Therefore the final airplane is identical in general arrangement to the 
previously described baseline. Variations are limited to detail design 
refinements, a wing area change, operational procedure changes, various 
items affecting aircraft weight, and the addition of a leading-edge 
cleaning/de-icing system. 

7.2.3 Configuration Definition 

This section describes the selected LFC transport configuration, in- 
cluding aircraft systems and interfaces between basic aircraft and LFC 
systems. The details of the aerodynamic configuration, LFC surface design, 
and LFC systems characteristics are given in Section 6.0. 
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7.2.3. 1 General Arrangement 


The selected LFC configuration is shown in Figure 151. This airplane 
is a wide-body configuration designed to carry 402 passengers and their 
baggage over an intercontinental range of 12 038 km (6500 n mi) at M = 0.80 
with adequate fuel to account for adverse winds, intermittent LFC disrup- 
tion due to atmospheric conditions at cruise altitude, and normal interna- 
tional fuel reserves. A typical cabin arrangement, shown in Figure 152, 
was developed for the basic purpose of sizing the fuselage. This arrange- 
ment accommodates a 10/90 passenger mix, with 40 in first class and 362 in 
tourist class cabins. Space allowances are made for galleys, lavatories, 
closets, cabin crew provisions, as well as rest areas for flight crew as 
dictated by FAR Part 121.485 for flight of more than 12 hours duration. 
Space for LD-3 cargo containers is provided forward of the wing box and aft 
of the main landing gear bay. A bulk cargo bay is also provided at the 
rear of the pressurized belly. These cargo bays will accommodate 16 874 kg 
(37 000 lb) of cargo. 

7.2. 3.2 Structural Configuration 

As shown in Figure 151, the baseline airplane is a low-wing T-tail 
monoplane with four aft-fuselage mounted propulsion engines. An independ- 
ently-driven LFC suction unit is located in a fairing under each wing root 
as shown in Figures 153 and 154. The airplane and its power plants are 
designed to meet NPRM 75-37c proposed revisions to FAR Part 36. Fuel is 
carried in the wing including the wing center-section box. 

The wing has a moderate sweep of .436 and (25°) at the leading edge 
with an aspect ratio of 11.6. Full-span flaps, including drooped ailerons, 
provide the required airport performance. Leading-edge high-lift devices 
are not required. Partial span spoilers are incorporated as required. A 
structural arrangement of the wing is shown schematically in Figure 155. 
Small-chord secondary flaps shown in Figure 156, incorporated into the main 
flaps, provide upper surface pressure gradient and shock position control 
for off-design operation as well as serving as active controls to minimize 
structural requirements. 

LFC suction capability is provided on both wing surfaces from 0 to 75 % 
chord. A wing cross-sectional view, Figure 157, shows the hat-stiffened 
surface panels with the integrated surface slots and ducting. The remov- 
able nose cap incorporates a system of chordwise suction slots with sub- 
surface compartments incorporated to control the rapidly changing pressure 
gradients existing over the extreme leading-edge surface region. A combi- 
nation de-icing, cleaning system is also incorporated in the leading edge 
region. This system is a pressurized liquid dispersal system providing the 
dual functions. 

Figure 158 depicts schematically the structural arrangement of the em- 
pennage. In cross-section, the empennage components are constructed in 
similar fashion to the wing elements shown in Figure 157. LFC suction 
capability is provided on all four empennage surfaces from 0 to 65 % chord. 
A liquid dispersal system for surface cleaning, similar to that described 
for the wing, is incorporated in both vertical and horizontal tail leading 
edges . 
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77.5 m (254.2 ft) 



76.2m (250.0 ft) 



Area 

AR 

Sweep 

Taoer 

Wing (b asm) 

491.7 m 2 (5293.0 ft 2 ) 

11.60 

1.6. .436 rod (25°) 

.350 

Horizontal 

50.2 m 2 ( 540.3 ft 2 ) 

5.00 

1/4 Ch .349 rad (20°) 

.400 

Vertical 

62.5 m 2 ( 672.6 ft 2 ) 

1.50 

1/4 Ch .436 rad (25°) 

.300 

TOGW 

Engine 

268 624 kg (592 205 lb) 
149 kN (33 540 lb) 




Figure 151. General arrangement 
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Figure 153. Ducting arrangement for fuselage-mounted LFC suction units 
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Figure 155. Wing structural arrangement 
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Spoiler panel 



7 .2. 3. 3 Systems 

Systems for the LFC aircraft logically fall into two distinct cate- 
gories. The first category includes aircraft systems which are not di- 
rectly affected by LFC, while the second category encompasses the systems 
required to provide LFC to the airplane. 

Development of aircraft systems not impacted by LFC are beyond the 
scope of the current contract. Thus, the systems described in the 

following paragraphs are assumed to be representative of the state-of-the- 
art predicted to be available by 1990. Section 4.6 provides detailed 

descriptions of LFC-required systems. 

Propulsion 

The propulsion system is comprised of four engines with inlets, 
cowlings, exhaust ducting, thrust reversers and associated equipment. Two 
propulsion units, based on Pratt and Whitney STF 477 advanced engine 
technology, are siamese-podded, as shown in Figure 159, on either side of 
the aft fuselage. Gear boxes and accessories are located external to the 
fan case. The lower portions of the engine pod open for easy access to the 
engine and accessories. 
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Front spar 25% chord 


Rear spar 75% chord 
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Figure 157. Wing cross-section 
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Figure 158. Fmpennage structural arrangement 




Figure 159. Power plant installation 
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High Lift 


The high-lift system consists of single-slot, hinged, full-span flaps. 
The extreme outboard portion of the flap is provided by "drooping" the 
aileron. The inboard flaps have a constant chord of 1.78m (5.83 ft), while 
outboard the flaps are 23% chord. The flaps are hydro-mechanically 
operated and controlled by a single pilot input. Flap position indication 
and a system to preclude asymmetrical operation are provided. 

Built into the main flaps are 9.5%-chord secondary flaps over the 
entire span. The secondary flaps operate with the flaps in high-lift mode 
or separately from the flaps as part of the active control system described 
in Section 4.5. The secondary flaps are actuated in the active control 

mode by electro-hydraulic servo units controlled by the onboard fly-by-wire 
computer system. 

Flight Controls 

The flight control system consists of controls for horizontal stabili- 
zer and elevators, rudder, and drooped ailerons. The system is designed as 
a fly-by-wire (FBW) system with each primary control surface driven by 
multiple duplex (electro-hydraulic) on-line integrated servo units. The 
FBW system incorporates active control technology (ACT) which promises 
significant improvements in the efficiency of large transport aircraft. 

The ACT system encompasses the following modes of control: 
o Relaxed Static Stability 

o Stability Augmentation System - all three axes 
o Maneuver Load Control 

o Gust Load Alleviation 

o Flutter Mode Control 

o Ride Control 

The major improvements offered by the above systems are: minimum 

airframe weight with the attendant fuel savings or range increase, 
capability for automatic trouble-shooting, and smoother airplane ride 
characteristics . 

The four-channel FBW system is controlled on each channel by an 
on-board digital computer. A digital system is mandated by the extensive 
complex signal processing, the flexibility required to accommodate the 
multi-mode control logic laws, and the redundancy required by an FEW 
system . 

Geared elevators driven by the stabilizer, a double-hinged rudder, and 
outboard ailerons provide low-speed control. Ground-operable-only spoilers 
are provided for deployment during ground rollout or rejected takeoff. All 
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controls and instrumentation required for the operation of the airplane in 
the air and on the ground are located in the flight station. The on-board 
computers provide feedback for two hydro-mechanical units which provide the 
pilots with artificial feel in all three control axes. 

Landing Gear 

The landing gear system is comprised of a two-wheel nose gear and a 
four-strut 12-wheel main gear. The main gear is configured as follows: 


o Two wing-mounted struts with two wheels each which retract 
inboard into the fuselage belly, as shown in Figure 160. 

o Two fuselage-mounted struts with four wheels each which retract 
forward into the belly, as shown in Figure 161. 



Figure 160. Wing-mounted main landing gear 
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Figure 161. Fuselage-mounted main landing gear 

The nose gear strut retracts forward into the belly. No form of 

directional steering or swivelling is employed on the main gears. 
Hydraulically powered nose gear steering controlled by the captain's 
handwheel is provided. 

Subsystems 

The primary aircraft functional systems are separated into individual 
localized service centers throughout the airframe. There is a discrete 
service center for the hydraulic, environmental, electrical, electronic, 
and fuel systems. Each system maintains interface with the cockpit through 
necessary instrumentation and controls. 

Hydraulic - The hydraulic system consists of four separate and 
independent systems, each system powered by two pimps. One pump is driven 
by a propulsion engine, and the other pump is driven by an air motor 
powered by engine bled air. An auxiliary system is powered by an APU while 
an emergency system pump is powered by a ram air turbine to provide 
inflight power in case of total engine failure. System operating pressure 
is anticipated to be in a higher range than used in current transports. A 
schematic of a conceptual hydraulic supply system is shown in Figure 162, 
while the hydraulic distribution system is shown schematically in Figure 
163- 
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Figure 162. Schematic of hydraulic supply system 
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Environmental - The environmental system provides for passenger comfort 
during ground and inflight operations. The system consists of air-cycle 
refrigeration packs that condition compressed air extracted from all four 
propulsion engines to provide cabin ventilation and control of cabin 
temperature and pressure. An auxiliary power unit provides compressed air 
for ground air conditioning and can also provide supplemental air 
conditioning as required during takeoff, climb, descent, and landing. 

The oxygen subsystem comprises the crew oxygen system and the passenger 
supplemental oxygen system. The systems are independent. The crew system 
is a low-pressure system providing flow to eight flight deck stations. 
Also included in the crew system is a portable cyclinder providing free 
oxygen for emergency or first aid breathing. The passenger supplemental 
oxygen system comprises a series of chemical oxygen generators manifolded 
to drop-out masks at each passenger seat. Portable continuous flow units 
are also dispersed throughout the cabin to meet emergency conditions. 

Electrical - Electrical power required for communications, navigation, 
passenger comfort, and other functional systems is provided by integrated 
constant-speed-drive, brushless AC generator units mounted on each engine. 
An auxiliary integrated-drive generator unit is mounted on the APU to 
provide ground electrical power and supplemental power in flight. An 
emergency generator unit driven by a hydraulic motor powered by the ram air 
turbine is provided. 

Electronics - The electronics system comprises communications, 
navigation, passenger communications, and avionic flight controls required 
to operate a commercial passenger airplane over world-wide international 
routes . 

Fuel - The fuel system is comprised of two main tanks and one auxiliary 
tank in each wing. An additional auxiliary tank is located in the center 
wing box within the fuselage. Each main tank feeds one. main engine. LFC 
suction pump power units are fed from the center auxiliary tank. Fuel is 
transferred from the auxiliary tanks to the main tanks as required. A 
schematic of a conceptual fuel system is shown on Figure 164. 

All fuel system components, including boost pumps, fuel probes, and 
fuel level control valves are removable from outside the lower wing 
surface. Access into the fuel cells for inspection, maintenance, and 
repair of wing structure and tanks is provided through access doors in the 
lower wing surface. Ground pressure fueling is accomplished from the main 
landing gear wheel well. 


7.2.4 Configuration Performance 
7.2.4. 1 Mission Profile 

The mission profile chosen for basic sizing of the configuration is 
defined by Figure 6. Since step-climb techniques cannot always be utilized 
because of air traffic control requirements, a constant cruise altitude of 
11 582 m (38 000 ft) and cruise Mach number of 0.80 were chosen for 
missions presented. Requirements of FAR 121.645 are satisfied and, in 
addition, adequate reserve fuel is carried to allow for loss of LFC due to 
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Figure 164. Schematic of aircraft fuel system 


weather phenomena during three percent of the mission cruise time. 
Allowances are also made for winds and fuel tolerance as recommended in the 
mission definition study of Section 5.1. A 93 km/hr (50-kn) wind and a two 
percent fuel penalty account for these factors. The normal international 
reserves ground rule of a 370 km (200 n mi) diversion distance was altered 
on the basis of Section 5.1 to include fuel for six percent of the design 
range to account for both alternate and track distance allowances. 

7. 2. 4. 2 Airport Performance 

The full-span flaps and drooped ailerons described in Section 7.2.3 
provide adequate maximum lift and lift/drag characteristics at a takeoff 
flap setting of 0.576 rad (33 deg) ^nd landing flap setting of 0.873 rad 
(50 deg). These settings provide a ^ Max 2.18 for takeoff and 2.45 for 
landing. At maximum takeoff weight an engine-out second segment climb 
gradient of 0.03 is available during takeoff. 

FAA field lengths were determined for the total range of aircraft gross 
weights and are presented in Figure 165. Landing results presented are for 
maximum braking and do not include use of thrust reversers. Ground 
operation of the spoilers was assumed. 
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7. 2. 4. 3 Cruise Performance 


Aircraft payload/range capabilities are summarized in Figure 166 for 
cruise at the design Mach number of 0.80 and altitude of 11 582 m (38 000 
ft) . Several mission points in the payload/range envelope were examined 
for comparison with the basic design point and are indicated by the circles 
labeled 1 through 6. Significant data for these missions are compared with 
the design point in Table 42. 




Figure 165. Airport performance 
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Cruise altitude = 12 192m (40 000 ft) 



Figure 166. Payload/range 
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TABLE 42. PERFORMANCE FOR TYPICAL MISSIONS - LFC TRANSPORT 





Cruise 

Altitude 

= 11 582 m 

(38 000 ft) 






Cruise 

M = 0.80 








Fuel Weight => . 

80 kg/l (6. 

70 Ib/gal) 





Belly 

Block 


Ramp 

Takool f 

Cruise Fuel 

Average Fuel 



Cargo 

Kange 

Block 

Weight 

Distance 

Ef f iciency 

El f ic ienc y 

Mission 

No. 


kra 

T iine 

kg 

m 

skm/ 1 

skin/ 1 

No. 

Passengers 

(lb) 

( n mi ) 

(hr) 

(lb) 

(It) 

( snm/gu 1 ) 

( snin/ga 1 ) 

* 

400 

0 

12 049 


268 624 

3 050 

50.3 

47.1 




(6 506) 

16.20 

(592 205) 

(10 008) 

(102.8) 

(96.3) 

1 

400 

16 874 

2 445 


216 435 

1 615 

55.0 

44. 1 



(37 200) 

(l 320) 

3.50 

(477 149) 

(5 300) 

(112.5) 

(90.1) 

2 

400 

16 874 

6 312 


244 764 

2 323 

51.3 

46.2 



(37 200) 

(3 408) 

8.62 

(539 603) 

(7 620) 

( 104.8) 

(94.5) 

3 

400 

16 874 

9 277 


268 624 

3 050 

49.0 

45.2 



(37 200) 

(5 009) 

12.54 

(592 205) 

(10 008) 

(100.2) 

(92.3) 

4 

400 

0 

6 026 


232 162 

2 045 

54.8 

49.6 




(3 254) 

8.23 

(489 776) 

(6 710) 

(112.0) 

(101.4) 

5 

366 

0 

12 601 


268 204 

3 050 

46.2 

43.4 




(6 804) 

16.93 

(592 205) 

(10 008) 

(94.5) 

(88.8) 

6 

0 

0 

14 716 


235 038 

2 054 






(7 946) 

19.71 

(518 140) 

(6 740) 




The cruise performance, as indicated by the fuel efficiency factor is 
very good for the aircraft even at low mission ranges. At ranges less than 
the 12 038 km (6500 n mi) design range, takeoff performance rapidly 

improves. At the stage length for direct operating cost (DOC) optimization 
(325 1 * n mi) takeoff field length is only 1740 m (5710 ft) . 

Sensitivity of range to intermittent loss of LFC was determined for the 
basic design point takeoff weight, payload, cruise speed and cruise 
altitude. Results of this sensitivity are given in Figure 167. With no 
intermittent loss of LFC, a range of 12 131 km (6550 n mi) may be attained. 
With LFC fuel flow continued, a range of 9630 km (5200 n mi) may be 

attained if the LFC system is lost for the entire mission. 

A 50% loss of LFC would be similar to complete loss of LFC at the 

* mid-point of the mission if no prior intermittent loss of LFC had been 
suffered. In this case, a range of 10 742 km (5800 n mi) is possible. By 
using the diversion distance fuel allowance, the remaining distance of only 
1296 km (700 n mi) would have to be recovered through use of part of the 

• normal 10% fuel reserves allowance to reach the original distination. 

Because more than 1482 km (800 n mi) range would be available through use 
of fuel reserves, some flexibility exists in establishing a revised flight 
plan. Because basic calculations have assumed a constant altitude and Mach 
number cruise, a larger loss of range may be recovered by revision of 

cruise mach number and altitude to slightly more fuel efficient values. 
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7 . 3 turbulent configuration 

The contract required that a turbulent transport for the 1990 time 
period be developed to serve as a basis for comparison for the relative 
merits of LFC. 

7.3.1 Configuration Definition 


Figure 168 shows a near-optimum turbulent transport configuration which 
incorporates the technology predicted to be available by 1990. The 
technology level assumed for the turbulent aircraft is identical to that 
assumed for the LFC configuration. Parametric analysis of operational and 
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geometrical parameters indicated a cruise altitude of 11 582 m (38 000 ft) 
and a cruise speed of M = 0.80 to be near optimum for the specified 
mission . 

The turbulent airplane is a wide-body, low-wing, low horizontal tail 
configuration with four wing-mounted engines. The wing has an aspect ratio 
of 11.0 and is swept .436 rad (25 ) at the leading edge. The high-lift 
system includes leading-edge slats and Fowler trailing-edge flaps. 

The weight summary in Table 43, reflects the use of composite material 
technology in that the weight empty is considerably less than that of a 
current transport of the approximate passenger capability. The interior of 
the fuselage is identical to that described in Section 7.2.3 for the LFC 
transport . 




Area 

AN 

Swaep 

Taper 

Wing (base) 

507.3 m 2 (5451 ft 2 ) 

11.00 

L.E. .436 rad (25°) 

.35 

Horizonfal 

56.9 m 2 ( 613 ft 2 ) 

4.50 

1/4 a .436 rad (25°) 

.35 

Vertical 

55.3 m 2 ( 600.6 ft 2 ) 

1.60 

1/4 Ch .524 rad (30°) 

.35 

TOGW 

292 605 kg (645 073 lb) 



Engine 

163 kN (33 799 lb) thrust ea 




Figure 168. Turbulent transport 
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TABLE 43 o WEIGHT SUMMARY - TURBULENT AIRPLANE 


kg Lb 


Structure 

68 070 

150 066 

Propulsion System 

15 079 

33 243 

Systems & Equipment 

31 376 

69 170 

Weight Empty 

114 524 

252 478 

Operating Equipment 

15 255 

33 631 

Operating Weight 

129 779 

286 109 

Pax Payload 

38 465 

84 800 

Zero Fuel Weight 

168 244 

370 909 

Fue 1 

124 361 

274 164 

Lc E. Fluid 

- 

- 

Gross Weight 

292 605 

645 073 


7.3.2 Configuration Perform ance 
7 . 3 « 2 «. 1 Mission Profile 

The mission profile used in basic sizing of the turbulent configuration 
is identical to the profile used in sizing the LFC baseline. Complete 
compatibility of performance comparisons between the two aircraft concepts 
was thus assured. Allowances of fuel for wind, fuel tolerance, and 
diversion distance are identical to allowances for the LFC baseline. The 

reserve fuel to account for intermittent loss of LFC was not applicable to 
the turbulent baseline case. 
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7. 3*2. 2 Airport Performance 

The high-lift system described in Section 7.3.1 provides adequate 
maximum lift and lift/drag characteristics at a takeoff flap setting of 
0.524 rad (30°) and a landing flap setting of 0.873 rad (50 ). These 
settings provide a L M of 2.34 for takeoff and 2.70 for landing. At 

maximum takeoff weight 1 , an engine-out second segment climb gradient of 
0.028 is available during takeoff. 

FAA field lengths were determined for the range of aircraft gross 
weight and are presented in Figure 169. Landing results presented are for 
maximum braking and did not include use of thrust reversers. Ground 
operation of spoilers was assumed. Note the probable limitations due to 
minimum control speed considerations. 
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7. 3- 2. 3 Cruise Performance 


Aircraft payload/range capabilities are summarized in Figure 170 for 
cruise at the design Mach number of 0,80 and altitude of 11 582 m (38 000 
ft) . Several mission points in the payload/range envelope were examined 
for comparison with the basic design point and are indicated by the circles 
labeled 1 through 6. Significant data for these missions are compared with 
the design point in Table 44. 



i 

Figure 170. Turbulent baseline payload/range 
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TABLE 44. PERFORMANCE FOR TYPICAL MISSIONS - TURBULENT TRANSPORT 


Cruise Altitude. « W 582 m (38 000 it) 
Cruise M = 0.80 





Fuel 

Weight = 

.80 kg/ l (6. 70 

Ib/gal ) 



Mission 

No. 

No. 

Passengers 

Belly 

Cargo 

kg 

(lb) 

Block 

Range 

km 

( n mi ) 

Block 
T ime 
(hr) 

Ramp 

Weight 

kg 

(lb) 

Takeoff 

Distance 

m 

(ft) 

Cruise Fuel 
Ef f iciency 
skm/ 1 
( snro/ga 1 ) 

Average Fuel 
Ef f ic icncy 
skin/ 1 
( sum/ ga l ) 

* 

400 

0 

12 038 


292 605 

3 051 

38.5 

36.9 




(6 500) 

16.20 

(645 073) 

(10 Oil) 

(78.7) 

(75.4) 

1 

400 

16 874 

2 719 


222 863 

l 417 

41.6 

36.5 



(37 200) 

(l 486) 

3.91 

(491 320) 

(4 650) 

(85.1) 

(74.5) 

2 

400 

16 874 

6 784 


260 607 

2 210 

39.4 

36.9 



(37 200) 

(3 663) 

9.24 

(574 530) 

(7 250) 

(80.6) 

(75.5) 

3 

400 * 

16 874 

9 864 


292 605 

3 051 

37.6 

35.8 



(37 200) 

(5 326) 

13.32 

(645 073) 

(10 Oil) 

(76.8) 

(73.1) 

4 

400 

0 

6 088 


233 298 

1 945 

42.0 

39.3 




(3 287) 

8.32 

(514 325) 

(6 380) 

(85.9) 

(80.3) 

5 

335 

0 

12 864 


292 605 

3 051 

32.5 

31.3 




(6 946) 

17.29 

(645 073) 

(10 Oil) 

(66.5) 

(63.9) 

6 

0 

0 

14 246 


260 358 

l 954 






(7 692) 

19.10 

(573 981) 

(6 410) 




7.4 CONFIGURATION COMPARISON 

Both the LFC and turbulent 1990 aircraft developed in this study 
represent near-optimum configurations for the defined mission. Thus, a 
valid comparison of the benefits provided by LFC is possible. As shown in 
Figure 171, there are several readily apparent configurational differences. 
The turbulent airplane is configured in the traditional form of current 
passenger transports with wing-mounted engines and a low-horizontal tail. 
High-lift devices for the turbulent airplane include leading-edge slats and 
modified Fowler trailing-edge flaps. 

To provide a clean wing for maximum LFC efficiency, engines on the LFC 
configurations are mounted on the aft fuselage and the horizontal tail is 
in a T-configuration . There are no leading-edge devices included on this 
configuration to minimize wing surface discontinuities. LFC suction pumps 
are housed in pods beneath and extending forward of the wing roots. The 
aft fuselage of the LFC configuration is extended by 4.3 m (14 ft) to 
structurally accommodate the pylons which support the propulsion engines. 
The two fuselages are identical from the nose radome to the aft pressure 
bulkhead, providing accommodation for 402 passengers in a two-class cabin 
layout as shown in Figure 172. Cargo and baggage provisions are located in 
fore and aft lower holds. 

7.4.1 General Characteristics 

Both airplanes are designed to meet identical performance requirements, 
including cruise at M = 0.80, a maximum FAA takeoff field length of 3048 m 
(10 000 ft) and a maximum approach speed of 259 km/hr (140 kn). A compari- 
son of the general characteristics of the two airplanes is shown in Table 
45. 


7.4.2 Weight 

The weight summaries presented in Table 46 provide another comparison 
of the LFC and turbulent airplanes. It is significant to note that a 
savings of 21.7% in total fuel, block plus reserves, accrues to the laminar 
flow airplane, while the gross weight of the LFC airplane is 8.2% less than 
that of the turbulent configuration. Other items of interest tabulated in 
the weight comparison table illustrate the relatively small penalties 
imposed by LFC, such as the surface penalty of 2.4% of empty weight. This 
results from the efficiency of the inte^ral-with-str^cture suction system 
which imposes a penalty of just 3.5 kg/m (0.71 /lb ft ). The total weight 
of the entire LFC system, pumps, valves, ducts and surfaces, represents 
4.4$ of empty weight. Further, if the weight of the leading-edge cleaning 
fluid is added to the total LFC system weight, the entire penalty which can 
be attributed to LFC represents only 2.6% of gross weight. From these 
data, it can be seen that the effort expended during this contract study 
resulted in the design of a highly efficient LFC system. 

7.4.3 Economics 

An economic comparison of different types of airplanes is a less than 
precise exercise at best. In the current highly inflationary environment, 
the exercise becomes even less credible. However, the data shown in Table 
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68.9m (226.0 ft) 


Figure 171. Configuration comparison 
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Figure 172. Inferior arrangement 


47 were developed on the basis of identical assumptions and are therefore 
useful for comparative evaluations. The data were computed using January 
1, 1979 dollars for all DOC elements except fuel, which was computed at 12 
cents/liter (45 cents/gal). This table shows that the DOC of the LFC and 
turbulent aircraft, in terms of total cost per flight and in cents per seat 
statute mile, are so close as to fall within the scatter of the 
computational methods. 


For the LFC airplane, the 21.7% block fuel advantage offsets a 13% 

maintenance advantage and a 2% advantage in depreciation accruing to the 

turbulent airplane for a 6112 km (3300 n mi) flight. Similar cost 
computations for a 12 038 km (6500 n mi) flight shift the comparison in 
favor of the LFC aircraft, reflecting the growing advantage of LFC with 
increasing range. 

It is recognized that during periods of high inflation all cost 
elements are increasing. However, fuel costs are rising more rapidly than 
other elements of the DOC formula. Figure 173 illustrates the impact of 
fuel cost escalation in terms of DOC in cents per seat kilometer (cents per 
seat statute mile) . The crossover point beyond which DOC favors LFC, 
assuming all other costs to be constant, is 15 cents per liter (60 

cents/gal) for the average stage length of 6112 km (3300 n mi). The current 
average carrier price for jet fuel is almost 26.4 cents per liter 
($1.00/gal). At this price, LFC provides a 4% DOC advantage. If fuel 
costs rise to 52.8 cents per liter ($2.00/gal), a DOC advantage of 10% 

results from the application of LFC. 
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TABLE 45. GENERAL CHARACTERISTICS COMPARISON 



LFC 


Turbulent 

2 2 

Basic Wing Area, m (ft ) 

491.7 

(5 293) 

507.3 

(5 461) 

AR 


11.6 


11.0 

Sweep at L.E. , rad (deg) 

0.436 

(25) 

0.436 

(25) 

t/c 


0. 1128 


0.0988 

Wing Loading, kg/m^ (lb/ft^) 

532.1 

(109.0) 

563.9 

(115.5) 

TOFL, m (ft) 

3 050 

(10 008) 

3 051 

(10 Oil) 

Approach Speed, km/hr (kn) 

253 

(136.5) 

249 

(134.3) 

Sea Level Static Thrust 
Each Engine, kN (lb) 

149.2 

(33 540) 

163.6 

(36 790) 

Ramp Weight, kg (lb) 

268 624 

(592 205) 

292 605 

(645 073) 

Block Fuel , kg (lb) 

82 080 

(180 953) 

104 755 

(230 942) 

Maximum Ferry Range, km (n mi) 

14 715 

(7 946) 

14 246 

(7 692) 

2 2 

Total Suction, m (ft ) 

811.2 

(8 733) 
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TABLE 46. WEIGHT COMPARISON 


LFC Turbulent 



_ ^ 

lb 

_ kg 

lb 

Structure 

69 611 

153 465 

68 070 

150 066 

LFC Surfaces 

(2 820) 

(6 218) 



Propulsion System 

15 581 

34 350 

15 079 

33 243 

LFC Pumps 

(597) 

(1 318) 



LFC Ducts, etc. 

(1 392) 

(3 070) 



Systems & Equipment 

30 745 

67 779 

31 375 

69 170 

LE Cleaning System 

(325) 

(716) 



Weight Empty 

115 937 

255 594 

114 524 

252 479 

Operating Equipment 

15 028 

33 131 

15 028 

33 631 

Operating Weight 

130 965 

288 725 

129 552 

236 110 

Passenger Payload 

38 465 

84 800 

38 465 

84 800 

Zero Fuel Weight 

169 430 

373 525 

168 018 

370 910 

Fue 1 

97 392 

214 711 

124 360 

274 163 

LE Cleaning Fluid 

1 800 

3 968 



Gross Weight 

268 622 

592 204 

292 378 

645 073 


LFC Surfaces = 2.47, of empty weight 

LFC Total System = 4.47 0 of empty weight 

2 2 

LFC Surface = 3.47 kg/m (0.71 lb/ft ) for laminarized area 
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TABLE 47. ECONOMIC COMPARISON 




LFC 

Turbulent 

A 7. 

Flying Operations 


10 695 

11 885 

-21.7 

Direct Maintenance 


8 994 

7 932 

+ 13.0 

Depreciation 


9 887 

9 698 

♦ 2.0 

Total DOC/Flight 


29 566 

29 515 

4 - 0.1 

DOC 

l ! s km (c/ssm) 

6112 km (3300 n mi) 
stage length 

1.065 

(1.973) 

1.053 (1.950) 

4 - 0.1 

DOC 

<t/s km (fc/ssm) 

12 038 km (6500 n mi) 
stage length 

1.161 

(2.150) 

1.166 (2.160) 

- 0.5 


Fuel price = 11.8<t/l (45<t/gal) 
Coses in Jan. 1979 dollars 
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7.4.4 Fuel Efficiency 


Eliminating the vagaries of economics and recognizing future 
possibilities for jet fuel allocation measures, Figure 174 plots the 
potential advantages for LFC in terms of fuel efficiency in seat kilometers 
per liter (seat statute miles per gallon) versus stage length. Based on 
the data of Reference 32, the family of curves on the lower left represents 
the efficiencies of first- and second-generation jet transports in current 
service. The two circles represent current wide-body transports which are 
capable of long-range operations, and which are expected to be in operation 
well into the 1990' s. 

At the average stage length of 6114 km (3800 s mi), the LFC transport 
demonstrates an advantage in fuel efficiency of 91% and 28%, respectively, 
compared to the best of the current transports and the advanced technology 
turbulent aircraft. At 10 459 km (6500 s mi), the fuel efficiency of the 
LFC transport is greater than that of current transports by 255%. These 
data illustrate the dramatic potential offered by a fleet of LFC transports 
as we approach the 1990 time period. 
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8.0 RECOMMENDED SUBSYSTEM DEVELOPMENT 


Requirements for future development include the refinement of design 
criteria and methodology, the validation of current concepts, the continued 
development of manufacturing procedures, and the investigation of 
operational characteritics in flight. To a great extent, these 
requirements can be satisfied by the major programs currently included in 
the NASA LFC program plan. These programs are: (1) the NASA high-speed 

wind-tunnel program; (2) the JetStar leading-edge flight test program; (3) 
the LFC wing panel structural design and development program; and (4) the 
LFC validator flight test program. 

As a part of the task devoted to the identification of future 
development requirements, studies were conducted which demonstrated the 
feasibility of using the NASA JetStar aircraft as a test bed for the 
evaluation of leading-edge cleaning concepts and established the 
feasibility of integrating the Lockheed LFC wing design into a DC-9-10 
aircraft to form a LFC validator configuration. This section summarizes 
the results of those studies and outlines additional LFC technology 
development requirements. 

8.1 LFC TEST BED DEVELOPMENT 

The current NASA LFC Program Plan includes the flight validation of the 
LFC leading-edge concept described in Section 6.2.3, using an aircraft in 
the JetStar/DC-9- 10 class as a test bed. This section summarizes the re- 
sults of a study conducted to assess the feasibility of using the NASA 
Dryden JetStar aircraft as a test bed for the proposed flight validation. 
Included in the study is a definition of the leading-edge test section, an 
analysis of aerodynamic and structural considerations, a definition of air- 
craft modification/refurbishment requirements, and an evaluation of flight 
performance of the resultant configuration. 

8.1.1 Objectives 

The overall objective of the Leading Edge Glove Flight Program is to 
demonstrate the effectiveness of LFC leading-edge systems under represen- 
tative flight conditions. Specific objectives of the program are: 

(1) Install an operable LFC system in a segment of the leading edge 
of an aircraft. 

(2) Demonstrate the effectiveness of leading-edge cleaning/de-icing 
systems . 

(3) Achieve LFC in flight at conditions representative of commercial 
transport operations. 

(4) Examine systems performance from an operations and maintenance 
standpoint . 

A further unspecified objective is to provide sufficient instrumenta- 
tion to permit investigation of both suction and cleaning system design 
criteria. The configuration developed during this study provided such a 
capability. 
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The objective of the study summarized in this section was to evaluate 
the feasibility of using the JetStar aircraft as a test bed for the Leading 
Edge Glove Flight Program. 

8.1.2 Configuration Description 


Selection of a location for the leading-edge test section was based on 
achieving a chord length representative of a chord length existing on the 
Lockheed 1990 LFC transport and minimizing modifications to the aircraft 
and effects on aircraft performance. A location meeting these conditions 
is the area of the spar currently occupied by the external fuel tanks. The 
planform of the modified JetStar in Figure 175 shows the test section in- 
stalled on the left wing and a dummy section to preserve aerodynamic sym- 
metry installed on the right wing. 



Figure 175. Plan view of modified JetStar 
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The inboard end of the section is at L.E. station 135.514, where an 
existing rib forms the outboard wall for the fuel cell. This L.E. station 
translates into W.S. 122.068. The outboard end of the test section falls 
on L.E. station 242.405, which is the outboard extremity of an existing 
leading-edge flap panel. This L.E. station translates into W.S. 205.278, 
which provides a test section span of 2.11 m (83.2 in). Connecting the 
points at these two wing stations provides a test section with a leading- 
edge sweep of 0.524 rad (30.01 deg) and a swept length of 2.44 m (96.09 
in) . 


Figure 176 shows the proposed structural arrangement of the leading- 
edge section and the method of attachment and fairing to the basic JetStar 
wing. The section is fabricated in two panels, a fixed upper/nose panel 
and a hinged lower panel which provides access for maintenance and adjust- 
ment of the suction and cleaning systems. The substructure consists of two 
full-length diaphragms. These members provide support for the covers and 
form the boundaries of the upper and lower surface ducts on a full LFC 
wing. All leading-edge components are of sandwich construction and fea- 
ture graphite/epoxy sheets and corrosion resistant aluminum honeycomb core. 
A thin gauge titanium skin, bonded to the surface panel outer face sheet, 
contains the required suction slots and also provides environmental 
protection for the composite structure. 




Aft diaphragm 


Fairing 


Fwd diaphragm 



Dual purpose slots 
(washing & suction) 


Continuous 

hinge 


Figure 176. Structural design of leading-edge test section 
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The test section is isolated from the basic wing and blended into the 
existing wing contour through the use of appropriate fairings. Fairings 
are required in the areas between the test section and existing leading- 
edge structure. These panels are of built-up aluminum construction and 
mechanically attached to the wing. 

The fairing panels required on the upper and lower surfaces to provide 
a smooth transition from the test section, and the entire fairing structure 
on the right hand wing, is fabricated of fiberglass and bonded to the wing 
box to prevent fastener penetration of the fuel tanks. 

The aft boundary of the test section coincides with the existing 
JetStar 12%-chord front spar. The test section contour picks up the 
JetStar contour slope at 12% chord on the lower surface, while on the upper 
surface the new contour fairs to JetStar contour at approximately 35% 

chord. Fences or fairings are located at the section extremities. The 

upper surface contour change from 12% to 35% chord is effected with a 
light-weight add-on fairing. 

Externally, the only other wing modification required is to fill in the 
gap in the trailing-edge flaps exposed by the removal of the fuel tank. 

Internally, the JetStar wing is modified to delete the fuel-carrying capa- 

bility of the inboard leading edge to provide space for suction lines, 
fluid lines, and instrumentation leads. 

JetStar fuselage modifications consist primarily of providing openings 
in the pressure shell at the juncture between the leading edge and the 
fuselage to provide entry for LFC services, providing space in the passen- 
ger compartment for instrumentation and controls, and making aft fuselage 
provisions for the suction pump and exhaust duct. 


8.1.3 Leading Edge Test Section 


8. 1.3.1 Structural Design 

The leading-edge test section evaluated for the JetStar feasibility 
study is similar in shape and size to that described in Section 6.2.3. 

8. 1.3. 2 Suction System 

The suction system ducting arrangement for a typical slot is illustra- 
ted schematically in Figure 177. The internal ducting of each slot is 
divided into two 76.2 cm (30 in) segments with individual ground adjustable 
valves located within the test section cavity to provide flexibility in the 
test program for limited spanwise suction flow adjustment. After passing 
through these valves, the total flow for each slot is collected into a 
single duct and routed to the fuselage, where an additional flight adjust- 
able valve for each slot is located. This configuration provides flight 
capability for chordwise suction flow profile adjustment. Direct simultan- 
eous comparison of two suction flow levels or distributions may be made by 
differential ground adjustment of the two 76.2 cm (30 in) segments of each 
slot prior to flight. 
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Pressure measurement 
Temperature measurement 


Figure 177. Schematic of slot suction system 


To provide flexibility in testing, the flows were doubled for each 
suction slot and lines were sized accordingly. Adjustment to the suction 
system valving permits selection of the design suction levels and distri- 
butions as well as other distributions, including localized flows in excess 
of twice design flow level. Suction flow distributions and levels approx- 
imating those of the X-21A are within the system capability. 
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A design point suction flow rate of 0.019 kg/s (2.484 lb/min) is re- 
quired for the leading-edge test section at the 12 192 m (40 000 ft) alti- 
tude, 0.80 Mach number cruise condition. With the assumption of a suction 

capability for twice the design suction flow rate and the pressure losses 

in the selected suction system and lines, this translates to a sea level 
standard day equivalent suction flow requirement of 0.39 kg/s (52.03 
lb/min) at a pressure ratio of 2.1. A cursory survey of suitable and 

readily available suction units was made with the assistance of Ai Research 
Manufacturing Company. Largely on the basis of availability, reliability, 
cost, and adaptability, an Ai Research Model ATCU30 air turbine compressor 
was selected as a feasible unit for purposes of this study. This unit con- 
sists of a centrifugal compressor with an axial inlet and a radial dis- 
charge direct-coupled to an air turbine drive having a tangential inflow 
and an axial outflow. Compressor discharge air bled from the primary pro- 
pulsion engines provides the turbine air supply. 

This unit is greatly oversized for this application, having a rated 
flow of 1.74 kg/s (230 lb/min) at 50 000 rpm and a pressure ratio capab- 
ility of 4.7. The unit can meet the required 2.1 pressure ratio at ap- 
proximately 33 000 rpm but would require a minimum equivalent sea level 
flow rate of 0.68 kg/s (90 lb/min) in order to maintain a comfortable com- 
pressor stall margin. This necessitates an ambient vent for the pump inlet 
to supplement the flow from the leading-edge suction system. 

Due to the excessive capabilities of this unit, it is fairly large, 
having an overall length of 49.83 cm (19.62 in) a height of 42.82 cm (16.86 
in) with a dry weight of 58.9 kg (130.0 lb). This is compatible with in- 
stallation in the JetStar in the space normally occupied by an APU. 

8. 1.3. 3 Cleaning System 

The range of slot locations to assure adequate wetting of the leading 
edge is illustrated in Figure 178. A total of eight cleaning slots is 
available with five slots functioning only as cleaning slots and three 
slots performing a dual role as combination cleaning slots for takeoff and 
climb, and suction slots for cruise operation. It is anticipated that only 
selected slots would be used during different phases of the takeoff/climb 
cycle . 

To conserve space in the crowded leading-edge region, each single 1.52 
m (60 in) span of slot is supplied by fluid from the fuselage through a 
single supply line with the specific slot flow rate controlled by a flight 
adjustable valve. At the test section, this line is subdivided into two 
segments with ground adjustable flow valves, each supplying four collector 
duct chambers over a slot span of 76.2 cm (30 in). 

Adequate valving is installed for switching the combination cleaning- 
suction slots between the cleaning mode for takeoff/climb and suction mode 
for cruise operation. 

8. 1.3. 4 Instrumentation 

Testing the LFC system requires both internal suction system and ex- 
ternal aerodynamic instrumentation. The internal suction system instrumen- 
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tation includes internal slot collector duct pressures, temperatures, and 
suction flow measurements for each 76.2 cm (30 in) segment of the slot. 

These instruments are all located in the leading-edge test section. Addi- 
tional suction system pressures, temperatures, and suction flows are mea- 
sured for each slot after the suction lines have entered the fuselage. 
External instrumentation includes surface static taps located at both the 
inboard and outboard ends of each slot at the same x/c as the slots. Sur- 
face boundary layer total pressures are measured at the aft edges of the 
leading-edge test section at 5.08 cm (2 in) spanwise intervals. The probes 
are configured so that they may be used to determine boundary layer 

laminarization and are also used to evaluate the presence of insect accre- 
tion during testing of the leading-edge cleaning system. These probes may 
also be pneumatically connected to microphones to obtain audible indication 
of the state of the boundary layer. Two flush microphones are included in 
the airfoil upper surface at the aft end of the leading-edge panel to mea- 
sure impinging noise. 

For the cleaning system, instrumentation is incorporated to record col- 
lector duct pressures in two typical chambers and temperatures in one of 
these chambers in each of the eight washing slots. Slot line pressure is 
measured in the fuselage, and the fluid reservoir pressure and temperature 
are monitored. The total flow rate to each individual cleaning slot and 

the flow distribution between each of 76.2 cm (30 in) span segments is 

measured . 



Figure 178. Schematic of cleaning system 
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8.1.4 Aerodynamic Configuration 


The loft panels for the JetStar wing and the location of the leading- 
edge test region are shown in Figure 179. The modification region extends 
from station 122.068 to 205.278. The planform projection of leading edge 
of the modified section matches the planform projection of the existing 
JetStar leading edge at these stations, producing a 0.524 rad (30 deg) 
leading-edge sweep for the test article modification area. The upper sur- 
face is tangent to the existing wing at approximately 35 percent chord. 
The simulation ends on the lower surface at the front spar location at 12 
percent of the basic JetStar wing chord. At station 122.068 the modified 
contour has a moderate discontinuity, and at this station and at station 
205.278, fairings smooth the modified section to the original JetStar con- 
tour . 



\ \ 

\ \ 

\ \ 

Fuselage centerline 


Figure 179. JetStar upper wing surface loft regions 
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In order to match the leading-edge sweep of the flight test section, a 
leading-edge sweep of 0.524 rad (30 deg) was used to factor a new stream- 
wise section from the airfoil developed in Section 6.1. The trailing-edge 
sweep used in the factoring was also 0.524 rad (30 deg), since only the 
leading-edge region is used on the JetStar wing. This section was put at 
0.035 rad (2 deg) inclination relative to the basic JetStar wing and faired 
into the original JetStar contour at approximately 35 percent chord on the 
upper surface and at the front spar position on the lower surface. Stream- 
wise sections of the resultant airfoil are shown in Figure 180. 


12%C 





W. S. 205.28 


Figure 180 . Sfreamwise airfoil sections 
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8.1.5 Structural Analysis 


8. 1.5.1 Flight Loads and Criteria 

The removal of the external tanks results in a reduction in both the 
zero fuel weight and the fuel quantity available. In order to provide 
flight safety, the allowable maneuver load factor is reduced to 2.5g and 
speed placards are reduced for gust protection at altitudes below 6096 m 
(20 000 ft) . These changes in weight and speed are shown in Table 48 and 
are compared to the original JetStar certified values. The structural 
design airspeeds are shown as a function of altitude in Figure 181. 


TABLE 48. STRUCTURAL DESIGN CRITERIA 


Current Modified JetStar 


Maximum zero fuel weight, kg (lb) 

11 340 

(25 000) 

11 165 (24 614) 

Maximum landing weight, kg (lb) 

13 608 

(30 000) 

13 608 (30 000) 

Maximum internal fuel weight, kg (lb) 

4 649 

(10 250) 

4 511 (9 945) 

Maximum external fuel weight, kg (lb) 

3 434 

(7 571) 

0 0 

Maximum flight weight, kg (lb) 

18 562 

(40 921) 

15 422 (34 000) 

Maximum ramp weight, kg (lb) 

18 824 

(41 500) 

15 676 (34 559) 

V , km/hr(KEAS) 

648 

(350)M=.82 

518 (280)M=.82 

V Q , km/hr(KEAS) 

787 

(425)M=.90 

648 (350)M=.90 

V n , km/hr(KEAS) 

D 

426 

(230)M=.82 

370 ( 200)M= . 82 

Vp (landing) ,km/hr(KEAS) 

330 

(178) 

315 (170) 

V_ (takeoff ) ,km/hr(KEAS) 
F 

370 

(200) 

352 (190) 

Maneuver load factors 




Clean at 

3.0 and 

-10 

2.5 and -1.0 

Clean at 

3.0 and 

0.0 

2.5 and 0.0 

Dive brake extended 




At V c 

3.0 and 

-1.0 

2.5 and -1.0 

At V D 

2.5 and 

0.0 

2.5 and 0.0 

Flaps extended 

2.0 and 

0.0 

2.0 and 0.0 
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Figure 181 . Structural design airspeeds vs altitude 


8. 1.5. 2 Flutter Considerations 

A brief flutter appraisal was made of the LFC JetStar configuration. 
The modifications which have some potential for changing the flutter 
characteristics are: (1) the removal of the external fuel tanks, (2) the 

deletion of leading-edge fuel, and (3) the installation of the modified 
leading-edge sections. It was concluded that the modified aircraft will 
have wing flutter speeds in excess of 1.2 times the unmodified JetStar 
limit dive speed . 


None of the proposed changes is expected to affect the empennage 
flutter speeds. 

8. 1.5. 3 Weight and Balance 

The estimated weight empty of 21 500 lb for the modified JetStar is 
derived in Table 49. 
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TABLE 49. ESTIMATED WEIGHT EMPTY 


We ight 




k s 


lb 

Basic weight 


9 782 

21 

565 

Oil (2) crew 


182 


401 

Operating weight 


9 964 

21 

966 

Operating weight change 





LFC JetStar estimated 

changes 
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581 

LFC JetStar operating weight 

9 701 

22 

547 

Less operating equipment, washing fluid 

475 

-1 

047 

LFC JetStar estimated we 

light empty 

9 226 

21 

500 


The feasibility assessment study indicated the eg location of 21% MAC 
with maximum tolerance on calculation of +1%. The aircraft is in balance 
and standard charts and limits prescribed in Flight Manuals apply. 

8.1.6 Performance Evaluation 


The modification of the NASA JetStar to the LFC configuration includes 
the removal of the external fuel tanks, which produces the only significant 
effect on performance. Cruise drag is improved at the expense of fuel 
capacity. The modified aircraft is compatible with the desired test con- 
ditions of 0.8 Mach number at 12 192 m (40 000 ft) at the maximum weight 
for that altitude, which is approximately 9072 kg (20 000 lb). The time 
available at the test conditions is about 98 min. A slight improvement in 
the maximum lift coefficient is the only noticeable change in the flaps- 
down configuration. 

8. 1.6.1 Speed/ Altitude Capability 

Maximum speed capability is presented in Figure 182, which includes 
angle of attack and Reynolds number information. These data are based on 
the use of maximum continuous power with normal plus LFC compressor bleed. 
The start cruise weight of 13 064 kg (28 800 lb) permits a Mach number of 
0.798, essentially fulfilling the test condition requirement. 
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Mach number Angle of attack rad (deg) Reynolds no. ^ l/ff x 10 


3-i 


Max continuous thrust 
Normal plus LFC bleed 
ISA 


9144m (30 000 ft) 





Figure 182. Maximum speed capability - modified JetStar 
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8. 1.6. 2 Test Time 


The operating weight empty of the LFC JetStar is estimated at 10 227 kg 
(22 547 lb). Available fuel is reduced to 4511 kg (9945 lb) due to the 
removal of the external tanks and elimination of the leading-edge tankage. 
This results in a maximum gross weight of 14 738 kg (32 492 lb). The fol- 
lowing assumptions form the basis for calculating the test time available: 

(1) Warm-up and takeoff fuel equal to 5 min at maximum continuous 
power . 

(2) Enroute maximum speed climb. 

(3) Rapid descent. 

(4) Reserve fuel equivalent to 30 min loiter at sea level, maximum 
endurance . 

Under the conditions discussed above, 98 min of operation are available 
at a Mach number of 0.8 at 12 192 km (40 000 ft). At long range cruise 
speed at 12 192 km (40 000 ft), the aircraft can operate for 116 min, while 
2.2 hr are available at maximum endurance speeds at this altitude. 

8.1.7 Flight Test Program 

The detailed planning required prior to the initiation of the flight test 
program is beyond the scope of the current feasibility study. The devel- 
opment of a detailed flight test plan will be a joint NASA/ contractor 

activity to be conducted during the early phases of the Leading-Edge Glove 
Flight Program. However, following are the assumed objectives of the 
flight test program: 

(1) To demonstrate repetitive attainment of laminar flow on the 

leading-edge test panel at both design and off-design cruise 
conditions . 

(2) To demonstrate satisfactory operation of the leading-edge 

cleaning and de-icing systems. 

(3) To gather limited operational and maintainability data for the 

leading-edge test panel within the 100 flight hour constraint of 
the test program. 

8. 1.7.1 Suction System Tests 

To meet the first of the objectives, test procedures will be developed 
to determined the effects of Mach number and chord/unit Reynolds number on 
the extent of chordwise laminar flow, to determine suction distributions 
and levels which produce the maximum extent of laminar flow at various 
flight conditions, and evaluate the decay in laminarization due to uniform 
off-design suction levels. 

These test procedures will be implemented by collecting data on suction 
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flow rate, surface pressure distributions, and chordwise extent of laminar 
flow on both the active test section on one wing and the nonactive section 
on the other wing simultaneously. A representative matrix of flight con- 
ditions includes three Mach numbers at each of three altitudes to provide 
data at three chord/ unit Reynolds numbers. For each test flight, adjusting 
discrete slot suction levels and varying uniform suction levels will pro- 
vide data from which to determine maximum extent of laminar flow and/or to 
locate the onset of transition in the laminar boundary layer. 

A noise survey of the wing will be recorded for each flight to evaluate 
acoustical effects on the laminar boundary layer. Meterological conditions 
at test altitudes will be monitored and recorded for each flight to provide 
additional data for use in the analysis of test results. 

8. 1.7. 2 Cleaning/De-icing System Tests 

To meet the second objective, procedures will be developed to verify 
through which suction slots the liquid flow provides uniform surface 
Coverage on the insect impingement zone to prevent insect accretion for 
takeoff, climb, and low-altitude loiter conditions. Various flow rates 
through these slots will be investigated and observed visually and 
photographically. Comparison of transition locations/ extent of laminar 
follow will be made between washed and unwashed flight cycles to determine 
any degradation to the LFC system caused by insect accretion. Upon landing 
after each flight, a comparison of the functional test section and the 
dummy section will be made. All residue will be catalogued relative to 
surface location, photographed, and measured prior to surface cleaning for 
next flight preparation. 

The visual and photographic observations of liquid flow coverage will 
suffice to judge the adequacy of the liquid system as a de-ice/anti-ice 
mechanism for an LFC wing. 

8. 1.7. 3 Operation and Maintenance Evaluation 

Following the testing described above, optimum settings will be selec- 
ted for the suction and cleaning systems to prepare the aircraft for ac- 
complishing the final primary objective. During this phase, the aircraft 
will be flown to simulate operations into commercial airports. During 
these flights, operation of the test systems will be monitored through all 
modes of flight. All maintenance required will be catalogued as to type, 
frequency, and time to repair/replace components. From this data base, it 
will be possible to gain limited insight into the compatibility of LFC with 
commercial operation. 

8.1.8 Conclusions 

The analysis conducted as a part of this study indicate that it is 
feasible to use the NASA JetStar as a test bed for flight validation of the 
Lockheed LFC leading-edge concept. Following are conclusions pertinent to 
specific elements of the feasibility assessment: 

(1) It is possible to integrate the leading-edge test section into 
the JetStar wing in a configuration which satisfies aerodynamic 
requirements for validation of the leading-edge systems. 
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(2) The JetStar aircraft can be modified for installation of the 

leading-edge test section and required suction, cleaning, and 

instrumentation systems in a manner which permits restoration of 
the aircraft to original condition. 

(3) There are no structural problems attending the proposed modifi- 
cation. It is recommended that a reduction of flight speeds and 
load factors be observed for the modified aircraft. 

(4) Performance of the modified JetStar exceeds the specified nominal 

test conditions of M = 0.80 at 12 192 m (40 000 ft) . 

(5) There are no stability and control problems as a result of the 

proposed modification. 

(6) There are no safety-of-flight problems as a result of the pro- 
posed modification. 


While development programs are required for both the leading-edge test sec- 
tion and the modified aircraft, the NASA JetStar is compatible with the re- 
quirements of the Leading-Edge Glove Flight Program. 


8.2 VALIDATOR AIRCRAFT DEVELOPMENT 

In order to fully establish the feasibility of LFC in a high utiliza- 
tion environment, a flight validation program closely approximating airline 
operations is required. A study was conducted to define and evaluate a 
representative LFC Validator Aircraft based on the integration of the 
Lockheed LFC wing concept described in Section 6.2 into a DC-9-10 aircraft. 

8.2.1 Validator Program Objectives 


This program has two major objectives: 

(1) To develop and evaluate an LFC validator aircraft configuration 
based on integrating an LFC wing concept of Lockheed design into 
a DC-9-10 aircraft. 

(2) To develop schedule and cost estimates for the validator aircraft 
program . 

8.2.2 General Arrangement 


The LFC validator aircraft, shown in Figure 183. is a DC-9-10 airplane 
modified to accept a new wing incorporating laminar flow control. The new 
wing duplicates in planform geometry the Lockheed LFC concept selected for 
the 1993 commercial transport and described in Section 6.2. 

In general arrangement, the validator is a low-wing, T-tail , aft- 
fuselage-mounted two-engine transport with tricycle landing gear. In 
appearance it is not unlike the basic DC-9-10 from which it is developed. 
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Figure 183. General arrangemenf - LFC validator/DC-9 


Readily noticeable differences are the increased wing span due to the 
higher aspect ratio and the fuselage/wing intersection pods housing LFC 
pumps. These pods are located beneath and extend well forward of the 

<• wing/ fuselage fairing. Schematic details of the pod/pump installation are 

shown in Figure 184. 

LFC capability is provided on both upper and lower wing surfaces to 
approximately 75% chord. The leading-edge cleaning/de-icing system dupli- 
cates the one selected by Lockheed for its 1993 LFC transport. 


271 


^ A/C jym 



BL 58.6875 



capj (ref) 



Figure 184. Schematic, LFC pump instal lation 


Propulsion engine/nacelle packages are those furnished with the basic 
DC-9-10. No change in basic propulsion equipment is contemplated for the 
validator aircraft. Flaps, ailerons, and spoilers shown in Figure 183 are 
new, but are configured to provide flying qualities as similar as practi- 
cable to those presently existing in the DC-9-10. 

The validator cabin is stripped of passenger amenities such as seats 
and galley to provide space for test equipment and ballast tanks. An LFC 
instrumentation console and on-board data recording equipment as required 
are located in the cabin. Test engineer and observer seats are installed 
in existing seat tracks to provide accommodation for personnel to monitor 
LFC system performance during the early phases of the LFC flight test 
program . 

Aircraft systems and sub-systems generally duplicate those of the 
DC-9-10 aircraft. 

8.2.3 Aerodynamic Configuration 


The following general design requirements are of primary importance to 
the design of the validator wing: 

(1) Cruise Performance Requirements - The design must be capable of 
achieving cruise altitudes of 11 582 m (38 000 ft) and higher in 
order to have the capability of exploring unit Reynolds numbers 
consistent with future LFC aircraft. There must be sufficient 
cruise flight duration to permit efficient data collection re- 
lating to laminarization effectiveness. 


i 


272 


(2) Airport Performance Requirements - The validator design should 
have the capability of operating from airports with 1829 (6000) 
to 2438 m (8000 ft) runways in order to provide a choice of sites 
for simulating airline operations. 

(3) Geometric Requirements - In order to minimize the problems asso- 

ciated with mating a new validator wing to the DC-9-10 series 
fuselage, the root airfoil shape of the validator wing should be 
as compatible as possible with the DC-9 structural box at the 

root juncture. In addition, the DC-9 landing gear and structural 
fittings arrangement should be contained within the external con- 
tour of the new wing annd permit good tie-in to the new box beam. 
Sufficient internal wing volume must be provided to accommodate 
LFC internal ducting and a reasonable fuel volume. 

(4) Wing Technology Level - The wing design will reflect, as much as 

practicable, the aerodynamic technology level of a 1993 design. 
An advanced supercritical or shock-free airfoil upper surface 

pressure distribution will be used with the chordwise extent of 
suction chosen to yield near the maximum drag benefit of LFC. 

8.2.3. 1 Preliminary Design 

The attainable revised DC-9 wing loading, and therefore lift coeffi- 

cient, are considerably lower than the 1993 baseline values. Revisions to 
the shapes of the 1 99 3 airfoil sections and wing planform shape and size 
options were investigated to derive an initial baseline wing. 

Preliminary Airfoil Development 

The preliminary validator airfoil section contours were defined by ad- 
ding lower surface thickness to the baseline 1993 airfoil contours. The 

original and revised sections are shown in Figures 185 and 186. 

The amount of thickness added to the wing was established by the at- 
tainable DC-9 cruise design lift coefficient of 0.36. The contour of the 
thickened section was established by the necessity for smooth isobars on 
the lower surface. 


t/c = 1 1 .93% at 31% chord 

Original section 
DC-9 validator section 



Figure 185. DC-9 validator root section development 
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t/c = 13.30% AT x/c = 45.1% 


Original section 
DC-9 validator section 


Shown with -0.034 rad (-2 ) deflection of 10 percent chord aft flap 



Figure 186. DC-9 validator outer wing section development 


Selection of Wing PI an form and Size 

Because of- the requirement to mate with the original DC-9 fuselage, a 
relatively narrow range of wing areas is nossible. Initial studies con- 
centrated on wing areas of 92.9 m 2 (1000 ft 2 ) to 114.5 m 2 (1232 ft 2 ) , with 
aspect ratios of 8.5 to 11.6. From these studies, a winf* having the 1993 
baseline aspect ratio of 11.6 and a wing area of 92.9 rn (1000 ft 2 ) was 
selected. This wing planform is shown in Figure 187. Thickness ratios 
were initially chosen for this wing based on a design cruise lift coeffi- 
cient of 0.36, which is compatible with a start-cruise wing loading of 337 
kg/m 2 (69 lb/ft 2 ) at M = 0.80 at 11 582 m (38 000 ft). It was later de- 
termined through additional detailed design and analysis that an increase 
of the design cruise weight could be tolerated and therefore the final 
baseline validator wing was thinned to accept higher lift coefficients 
which are closer ta the 1993 -baseline design levels. The baseline wing 
loading is 425 kg/m 2 (87 lb/ft 2 ) and design lift coefficient is 0.45. 

8. 2. 3. 2 Wing Development 

An initial conceptual wing was defined for use in configuration devel- 
opment. The upper surface of this initial wing matches the contours of the 
wing previously developed for the 1993 baseline. The lower surface has 
thickness increases as previously described. 

The wing twist and aft flap schedules required to achieve the desired 
lift coefficient and acceptable pressure distributions are shown in Figures 
188 and 189. The isometric pressure distribution of the resultant wing is 
shown in Figure 1 90 . 

8.2. 3 . 3 Stability and Control 

Stability and control for the LFC validator was studied sufficiently to 
ensure that no major problems are introduced by the change from the basic 
Dc-9 wing to the validator wing. 
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8.2. 3. 4 Boundary Layer Analysis 

Boundary layer stability analysis was initially performed on a prelim- 
inary outer wing section at 40% wing semi-span. An aft flap deflection of 
0.349 rad (2 deg) was chosen to match the 1993 airplane aft flap deflection 
at 40% semi-span. The Kaups/Cebeci laminar boundary code and Sally II 
stability code were used for the analysis. 

For the initial boundary layer stability analysis, the 1993 airplane 
suction distribution was used. This resulted in a very stable laminar 
boundary layer on the upper surface, but the crossflow disturbance N- 
factors on the lower surface -reached an unacceptably high value. 

Wing sections from the initial wing were reduced in thickness by modi- 
fying the lower surface so that wing lift would be more representative of 
1993 airplane. The 1993 airplane wing leading-edge contour on the lower 
surface is maintained to the maximum extent possible to produce leading- 
edge pressure gradients which will not require suction in the stagnation 
region. 



0.74 RS 
0.18 FS 


Figure 187. Wing planform 



Figure 188* DC-9 LFC validator wing twist schedule 
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Figure 189, DC-9 LFC validator wing aft flap schedule 
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Figure 190 o Transonic wing program isometric wing pressure distribution 


The estimated suction distribution is presented as Figure 191. With 
the current baseline wing and this suction distribution, satisfactory 
laminar boundary layer stability can be achieved with better adherence to 
slot design criteria. Estimated crossflow N-factors are shown in Figure 
192 for both the baseline validator and the initial validator outer wing 
airfoil section. 
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Figure 191, Baseline LFC suction distribution 


r\ = 0,40 



Figure 192. Current LFC validator lower surface crossflow disturbance N factors 
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8*2,4 Structural Configuration 


8.2.4. 1 Wing Structural Arrangement 

The wing for the LFC validator aircraft is designed to be structurally 
and functionally representative of the Lockheed 1 993 configuration. Par- 
ticular emphasis is given to aerodynamic characteristics, structural con- 
figuration and materials, ducting arrangements, and cleaning/de-icing sys- 
tems. A structural arrangement of the wing is shown in Figure 193. Cer- 
tain characteristics of the 1993 aircraft, including aspect ratio, taper 
ratio, leading-edge sweep angle, and front spar locations, are duplicated. 
It is considered desriable to retain the existing DC-9 center wing spar 
locations to facilitate wing-to-fuselage attachment, thus the validator 
rear spar was .positioned^ at 73.1 8% chord. The basic wing area is approx- 
imately 92.9 rn (1000 ft ; with suction capability provided on both upper 
and lower surfaces from 0 to 75% chord. Ribs are located on approximately 
81.3 cm (32 in) centers to provide stability for the surface panels and are 
utilized as back-up structure for flap and aileron hinge fittings. Front 
and rear spars, which are one piece integrally molded assemblies, form the 
fuel tank boundaries and are mechanically attached to the upper and lower 
covers . 

Wing box continuity is maintained across the fuselage through a mechan- 
ical splice of the left and right hand wings at the C/ aircraft center- 
line, duplicating DC-9 construction. Attachment to the Tuselage is accom- 
plished at the wing-fuselage intersection in a similar manner to that of 
the baseline aircraft. 
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Figure 193. Wing structural arrangement 
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Leading Edge 


A predominant feature of this design concept is the integration of 
ducting systems into the major structural elements of the wing, as shown in 
Figure 194. This approach ensures a minimum weight structure as the span- 
wise and chordwise ducts are also load carrying members. Additional bene- 
fits are gained by utilizing the entire leading-edge cavity as the trunk 
duct for both upper and lower surface suction flow. 

Wing Surface Panels 

The wing box upper and lower surface panels are fabricated as one piece 
assemblies which extend from the aircraft centerline to the wing tip. 
These panels consist of NARMCO 5208/T300 graphite/epoxy skins and hat sec- 
tion stiffeners which are cured separately and bonded. 

A thin gauge titanium skin bonded to the entire outer surface, contains 
the required suction slots and provides protection against lightning strike 
and other environmental factors. Small ducts are molded into the 
graphite/epoxy skin panels immediately beneath the slots; metering holes 
transfer collected air into the hat-stiffener ducts. Second level metering 
occurs at each stiffener to rib intersection where holes in the stiffener 
sidewalls provide passageway to the rib cap ducts. 

Skin stiffeners, which run parallel to the front beam, are spaced ap- 
proximately 12.7 cm (5 in) apart and taper in thickness, together with the 
skin, to match the reduced level of loading toward the tip. At the wing- 
fuselage intersection, where outer wing sweepback originates, stiffeners 
are feathered out into a reinforced area of the skin, thus eliminating the 
necessity for a complicated stiffener splice between the constant section 
and tapered portions of the wing. This approach greatly simplifies attach- 
ment of the wing-fuselage bulkhead. Stiffener run-out at the rear beam is 
handled in a similar manner. Rib and stiffener spacing is coordinated to 
ensure that the run-out occurs at a rib intersections. 
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An adequate number of access holes is provided in the skin panels to 
allow access to the wing box for initial assembly and routine maintenance 
and inspection. Access panels/doors are located in the lower surface to 
preclude entry of foreign material, to facilitate access, to speed tank 
purge, and to reduce the necessity to walk on the upper slotted surfaces. 

Upper and lower skins in the area of the main landing gear support 
structure are reinforced by titanium doublers co-cured into the wing skins. 
These doublers provide a load path to redistribute concentrated loads from 
the main landing gear support fitting into the wing box skins. The main 
landing gear support fitting and auxiliary spar members are similar to 
those used on the DC-9 basic wing. 

8. 2. 4. 2 Design Criteria 

FAR 25 structural design criteria are used for wing design for the LFC 
validator. The airspeed-altitude schedule shown in Figure 195 is derived 
using FAR 25. The following structural design weights are used: 



Figure 195. Structural design airspeeds vs altitude 
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(1) Gross weight = 41 142 kg (90 700 lb) including 10 433 kg (23 000 
lb) of fuel 

(2) Maximum zero fuel weight = 30 845 kg (68 000 lb) 

The aircraft is designed for a 2.5g symmetric maneuver load condition 
in accordance with FAR 25. 

8. 2. 4. 3 Weight and Balance 

The baseline weights for the LFC validator airplane are taken from 
DC-9-10 typical weight data. Weight of the wing is calculated by a 

multiple station analysis program and adjusted in the primary and secondary 
structural areas by applying composite and advanced material weight 
technology factors considered to be the best predictions for 1990 design 
commitment. Other adjustments to the aircraft weight such as LFC engines 
and ducts and the leading-edge cleaning system and expendable fluids are 
estimated by methods developed specifically for these elements. A weight 
statement for the modified airplane is presented in Table 50. 

The aircraft center of gravity is derived by starting from the manu- 
facturer's empty weight and center of gravity supplied in the DC-9-10 
weight and balance manual. The existing wing weight and center of gravity 
are also supplied. Modification changes are added to these starting points 
to arrive at the final configuration shown in Figure 196. 

8.2.5 Aircraft Systems 


8.2.5. 1 Aileron Control System 

The lateral control system for the validator is new from the side of 
body to the surfaces. The system, like that of the DC-9-10, is mechanical, 
cable controlled, designed so that no single failure shall result in loss 
of control of the aircraft under all operating conditions. Methods similar 
to those of the DC-9-10 are provided for adjustment and rigging of the 
aileron . 

The LFC lateral control system is configured to use in-flight spoiler 
operation if required to supplement ailerons at all speeds. Trim tabs, 
similar to those of the DC-9-10, are provided as required to assure 
adequate lateral trim capability. 

The spoiler system duplicates the capability of the DC-9-10 system in 
that it is common to the speed brake system as required and is available to 
supplement the ailerons for lateral control at all speeds, including ap- 
proach and landing. 

8. 2. 5. 2 High-Lift Systems 

A trailing-edge flap system extending from side-of-body to approxi- 
mately 69% semi-span is provided. Flap panels are constant chord to 30% 
semi-span and 25% chord in the outer wing panel. The flaps are simple 
externally hinged to provide chord extension. The system is hydraulically 
actuated, controlled by controls existing in the DC-9-10 flight station. 
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TABLE 50. WEIGHT STATEMENT 


Item 

. kg _ 

lb 

Structure 

(11 816) 

(26 050) 

Wing 

3 674 

8 100 

Wing LFC-integral 

426 

940 

Empennage 

1 188 

2 618 

Fuselage 

4 267 

9 408 

Landing Gear 

1 657 

3 653 

Nacelle and Pylon 

604 

1 331 

Propulsion 

(4 946) 

(10 903) 

Power Plant 

3 485 

7 682 

LFC Engines 

582 

1 284 

LFC Miscellaneous 

722 

1 592 

LFC Ductj 

157 

345 

Systems and Equipment 

(4 609) 

(10 161) 

APU 

367 

809 

Surface Controls 

591 

1 304 

Instruments 

237 

522 

Hydraulics and Pneumatics 

317 

699 

Electrical 

811 

1 787 

Avionics 

332 

733 

Furnishings 

1 325 

2 922 

AC and'AI 

547 

1 205 

Anti-Ice Fluid 

46 

101 

L,E. Clean or Anti-Ice System 

36 

79 

Weight Empty 

21 371 

47 114 

Operating Equipment 

776 

1 710 

Operating Weight 

22 147 

48 824 

Cargo 

8 698 

19 176 

Zero Fuel Weight 

30 845 

68 000 

Fue 1 

9 208 

20 300 

Expendable Fluids 

1 089 

2 400 

Gross Weight 

41 142 

90 700 
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Figure 196. Center of gravity travel 


8. 2. 5. 3 Propulsion 

Primary propulsion for the validator aircraft, which consists of two 
Pratt & Whitney JT8D-7 engines, is unchanged. Validator airplane per- 
formance evaluations indicate that the JT8D-7 engine performance is more 
than adequate for the validator requirements. 
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8. 2. 5. 4 Landing Gear 


The main landing gear for the validator aircraft is unchanged from the 
basic DC-9 landing gear. Since the gross weight and landing weight for the 
validator aircraft will be no higher than comparable weights for the DC-9, 
no landing gear modification is required. The LFC wing is configured to 
accommodate the DC-9 gear in all respects. 

8. 2. 5. 5 Subsystems 

Very little data were available concerning the details of DC-9 aircraft 
subsystems. However, this lack of information did not impose a serious 
constraint on the study since there are no changes of other than minor 
significance . 

Fuel System 

The fuel system duplicates the DC-9 system within the constraints im- 
posed by the LFC wing design and geometry. Every effort is made to use 
DC-9 fuel system components such as pumps, probes, and valves through the 
expediency of recalibrating as required to retain compatibility with cock- 
pit fuel system controls and gauging. 

Electrical System 

Electrical System demands peculiar to LFC are imposed by instrumenta- 
tion, L.E. cleaning fluid punps, and starting controls for the suction 
pumps. These added demands will be offset by the excess electrical power 
made available by deletion of normal passenger ccmfort systems. 

Hydraulic System 

No LFC peculiar demands are contemplated for the hydraulic systems. 
Normal hydraulic systems requirements, such as landing gear and flight 
controls, are duplicated by comparable systems in the validator. 

Pneumatic System 

An LFC-peculiar demand is imposed on the basic DC-9 pneumatic system 
due to the necessity to provide assistance for the wind-milling start cycle 
contemplated for the suction pumps. This starter assistance will momentar- 
ily require additional bleed frcm the propulsion units. 

8.2.6 LFC Systems 

The suction and cleaning system configurations for the validator air- 
craft are identical to those for the 1993 aircraft, as are the airfoil 
shape and wing geometry used for calculation of suction requirements and 
for the definition of suction and cleaning system parameters. Therefore, 
for the same chord length, slot widths, slot spacing, ducting, and metering 
hole dimensions are identical to those of the 1993 configuration and are 
given in Sections 6.3 and 6.4. 
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Due to the lower total suction flow requirement of the validator as 
compared to the 1993 aircraft, the suction pump requirements for the 
validator are unique. Selection of suction units for the validator air- 
plane is based on the assumption that, aside from meeting the suction flow 
and pressure ratio requirements, primary considerations are cost, reliabil- 
ity and minimum development requirements. Weight, efficiency, and dimen- 
sional size are considered to be on only secondary significance. Logical- 
ly, these considerations are best met by making maximum use of existing 
hardware requiring minimum modification. 

Analysis of the suction requirements indicated a cruise design absolute 
flow of 0.762 kg/ sec (1.68 lb/sec) for each pump at 11 582 m (38 000 ft) 
and M = 0.80. This translates to a design equivalent sea level static 
inlet flow of 6.47 kg/ sec (14.26 lb/ sec) for each pump. If reasonable flow 
allowances are made for increased suction requirements to overcome noise 
effects, design deficiencies and uncertainties, manufacturing variations, 
and system deterioration, the required suction pump flow is 0.967 kg/ sec 
(2.13 lb/ sec) at cruise conditions. If additional allowances are made for 
pressure loss variations due to manufacturing variations, design deficien- 
cies and uncertainties, and deterioration, the equivalent sea level static 
flow further increases to 10.68 kg/ sec (23.54 lb/ sec). To provide a sig- 
nificant margin for test flexibility, this value is selected for sizing 
each validator suction unit. 


If all design conditions are met, the minimum suction pump pressure 
ratio required is 1.98, assuming minimun pump discharge velocity. If the 
air is to be discharged at free-stream relative velocity, a pressure ratio 
of 3«01 is required. If allowances are made for manufacturing and design 
deficiencies and deterioration, these required pressure ratios increase to 
2.57 and 3.91 for minimun and free-stream relative discharge velocities, 
respectively. . 

Candidate compressors were evaluated from existing aircraft gas turbine 
engines. The feasibility and adaptability of the units for this applica- 
tion were explored, and the AVCO lycoming T55 turboshaft unit was selected 
for the validator aircraft. If minimum modifications are applied to this 
unit, case dimensions remain unchanged at a diameter of 70 cm (24 in) and a 
length of 1.12 m (44 in). Weight of the modified unit is approximately 290 
kg (640 lb) . 

8.2.7 Instrumentation 


Instrumentation must provide data to verify satisfactory operation, 
quantify performance characteristics, and identify deficiencies of airfoil 
laminarization or of LFC systems. These broad objectives, coupled with the 
complex and unique nature of laminarization and LFC systems, dictates a 
system of instrumentation similar to that described in Section 8.1. De- 
pending upon the results of investigations conducted prior to initiation of 
the validator program, some reduction of instrumentation may be possible. 
However, general requirements for in-flight instrumentation will remain 
unchanged . 


286 


8.2.8 Validator Performance 


LFC validator performance is compatible with the requirements for both 
LFC system validation and operation from commercial airports. Validator 
cruise times and ranges are considerably greater than those of the basic 
DC -9. 


8.2.8. 1 Airport Performance 

Take-off and landing performance data are shown in Figure 197. Take- 
off performance for the DC-9-15 is included for comparison. The predicted 
airport performance for the LFC validator is comparable to that of the 
basic DC-9. Because of the increased wing span of the validator, 32.9 m 
(108 ft) versus 27.1 m (89 ft), second-segment climb on one engine is 
improved over the basic DC-9-10 series aircraft. 



Figure 197. Takeoff field length comparison 
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8. 2. 8. 2 Cruise Performance 


Figure 198 presents a payload/range comparison of validator and the 
basic DC-9 aircraft. The increased capabilities of the validator are 
obvious. To illustrate the effect of LFC, the payload/range curve for the 
validator operating in a turbulent cruise mode is presented. At maximum 
payload, operation of LFC extends range by 833 km (450 n mi). The vali- 
dator, operating in the turbulent mode at a payload of 3698 kg (19 176 lb), 
has a range advantage of 695 km (375 n mi) over the basic DC-9-15. This 
turbulent mode improvement accrues to the use of composite structures, ad- 
vanced technology wing sections, greater wing span, and higher altitude 
cruise . 


Cruise at 0.8 M 
Standard day No wind 



Figure 198. Payload-range comparison of DC-9-15 with various validator cases 
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8.2.9 Program Planning 


The overall LFC validator aircraft program schedule is shown in Figure 
199. Eighteen months are required for preliminary, wing, aircraft, and 
systems design. Concurrent with the design activity, wind tunnel, labora- 
tory, and ground tests will be conducted to verify design data, functional 
operation of systems, and structural integrity. Manufacturing of the LFC 
wing, much of which is concurrent with final design activities and devel- 
opment testing, requires a total of 18 months. Modification of the air- 
craft and installation of the LFC wing is completed at the end of 30 
months. After a 6-month airworthiness evaluation, the aircraft is released 
for the LFC flight test program. A total of 27 months is allowed for LFC 
system adjustment and calibration and the collection of operational data in 
the airline environment. The total duration of the program is 63 months. 

8.2.10 ROM Cost Estimates 


To facilitate subsequent program planning activities, ROM cost esti- 
mates for the LFC validator aircraft program are given in Table 51. These 
estimates are based on a combination of historical data generated in 
previous aircraft modification programs at the Lockheed-Georgia Company and 
an extrapolation of costs previously estimated for advanced composite 
technology programs. 
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Figure 199. Program schedule - LFC validator aircraft 
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8.2.11 Conclusions 


The analyses conducted as a part of this study provide a basis for the 
following conclusions: 

(1) It is possible to integrate the Lockheed LFC wing concept into 
the DC-9-10 aircraft to form a feasible validator aircraft con- 
figuration . 

(2) The performance of the resultant validator aircraft is in excess 
of that required to satisfy the objectives of the validator 
flight demonstration program. 

(3) Including design, development, fabrication, aircraft modifica- 
tion, and a representative flight demonstration program, the 
estimated cost of the LFC validator program is 190.6 million 1980 
dollars . 

(4) Assuming that the acumulation of 4500 flight hours of simulated 
airline service over a period of 27 months is adequate to 
establish the operational feasibility of the validator, the 
estimated duration of the validator program is 63 months. 

TABLE 51 . ROM COST ESTIMATES - LFC VALIDATOR PROGRAM 


Design 

$ Millions 

Preliminary 

20.0 


Wing 

76.0 


Aircraft /Systems 

9.0 

105.0 

Development Testing 

Wind Tunnel 

3.0 


Systems /Structural 

7.0 

10.0 

Wing Manufacturing 


50.0 

Aircraft Modification 


16.0 

Flight Test Program 

Airworthiness Evaluation 

2.5 


LFC Systems Ad justment /Calibrat ion 

.3 


Flight Demonstration Program 

6.8 

9.6 

% 

TOTAL 


190.6 


290 


8 . 3 ADVANCED DEVELOPMENT REQUIREMENTS 


8.3 Aerodynamics 

The present 2-D pressure distr ibution code, the recently developed FLO 
22 and FLO 27 codes, the tapered semi-infinite swept wing boundary layer 
code, and the 3-D stability code are useful and necessary computational 
r tools in deriving a LFC 3-D swept-wing configuration. The basic design and 

analysis sequences originally conceived for external aerodynamics work are 
satisfactory. However, development of additional design and analysis tools 
is needed, particularly in the analysis of flow in the wing-root juncture, 
the tailoring of isobars, and the interfacing of individual computer codes 
into an integrated design and analysis framework. 

Following are advanced development requirements resulting from external 
aerodynamics design and analysis work to date: 

(1) The current Cebeci boundary layer code should be revised to a 
discrete-suction code to permit approximate solutions for con- 
figurations with slots or bands of porosity. As a part of this 
work, the Lockheed-developed stagnation point location code 
should be incorporated as a subroutine and necessary computer 
code- inter faces with the Transonic Airfoil Program (TAP) devel- 
oped. In addition, Lockheed-developed codes should be added as 
subroutines so that slots conforming to various criteria can be 
automatically located on option. 

(2) Further detailed study of boundary layer growth and corresponding 
stability should be delayed until the discrete-suction boundary 
layer code is developed. 

( 3 ) Additional sensitivity study of the effects of various design 
inputs on both crossflow and Tollmien-Schlichting instabilities 
should be accomplished using the improved boundary layer codes 
and the SALLY II stability code. 

(4) The feasibility of incorporating a combination of the Cebeci code 
and the Melnik code into the Transonic Airfoil Program should be 
determined . 

( 5 ) The Carlson airfoil design program should be revised to incorpo- 
rate automated procedures for relaxing input design pressures 
slightly to produce thin trailing edges for LFC airfoils. 

( 6 ) The overall wing design and analysis methodology should be 

w regularly updated to reflect the latest in computational codes 

for external flow, boundary layer flow, slot flow, stability, 
transition estimation, and other pertinent improvements. 
Particular attention should be directed toward establishing 
^ computer code interfaces and reducing design cost by developing 

improvements in computing efficiency for individual codes and 
reducing the number of design and analysis cycles necessary to 
achieve a satisfactory LFC wing configuration. 
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(7) Stability codes incorporating the effects of noise should be 

supported, in addition to efforts currently directed toward 
determining non-linear and compressibility effects. Large- 
amplitude disturbance effects such as discrete slot suction 
should also be theoretically and experimentally investigated. 

8.3»2 Structures and Materials 

Major requirements for the development of LFC structure center around 
the use of advanced composite materials and characteristics peculiar to the 
fabrication of LFC surfaces. Included are the following: 

(1) In the development of composite LFC wings, additional effort is 

required in investigating the main landing gear support area, 
chordwise joints, access panels, and wing/ fuselage joints. 

(2) Continued development of surface slotting procedures is required. 

Advances in laser and water jet techniques should be monitored to 
evaluate potential improvements leading to reduced slot widths 

and faster cutting rates. 

In addition, a five-axis drive system should be developed for 
sawing -slots. This system would track the slot and maintain 
exact saw-to-skin depth control reducing saw exposure to a 

minimum. Saw torque would be monitored and controlled by a 
microprocessor to allow stopping the saw prior to failure. After 
replacing a worn or broken saw, the computer system would return 
the saw to the exact spot where it stopped, with minimum disrup- 
tion in slot . 

(3) In advanced materials development, powdered aluminum sheet ma- 
terials should be considered as a candidate for the slotted outer 
surface. Powdered aluminum is corrosion resistant and no anodiz- 
ing or corrosion protection would be required. Powdered titanium 
sheet material should be evaluated as a candidate for a porous 
outer skin. 

8.3.3 LFC Systems 

An area of significant risk in the design of an operational LFC air- 
craft is the tolerance of laminarization to variations in LFC system per- 
formance. Previous efforts in the area of achieving and demonstrating the 
performance advantage of LFC, culminating in the X-21A flight test program, 
were largely oriented to construction and testing in a research atmosphere 
with careful hand-tuning to achieve the desired level and distribution of 
suction in order to optimize LFC performance. The X-21A design included a 
large number of orifices and adjustable values so that the suction flow 
profiles over the aerodynamic sufaces could be adjusted to achieve satis- 
factory LFC performance. v 

For an operational commercial airplane, economical production must be 
achieved through the adoption of a simplified system, compatible with 
large-scale production techniques and tolerances. Little or no adjustment 
of the suction system will be acceptable on individual airplanes. As a 
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consequence of these restrictions, suction flow profiles on new operational 
aircraft will reflect local chordwise and. spanwise variations in suction 
flow from the optimum suction flows desired. These flow variations will 
influence the actual level of performance improvement available from LFC. 
It is therefore necessary to recognize the influence of these tolerances on 
LFC in the initial airplane suction system design. 

The underlying theme of this study has been the orientation toward an 
operational production LFC airplane. To this end, manufacturability, cost, 
reliability, and maintainability are of prime importance. This study has 
underscored the impact of these considerations on the design and eventual 
degree of success achievable by an operational production airplane. These 
considerations have served to impose realistic limits and constraints on 
the design and configuration of the airfoil suction surface, metering, and 
ducting configurations. Production capabilities have imposed minimum 
limits on the width and spacing of slots and the diameter and spacing of 
metering holes. Fewer slots and metering holes of larger dimensions are 
obviously preferred from a production standpoint. 

Not so obvious are the inherent advantages that accrue to the perform- 
ance of the configuration of these dimensions are as large as possible. It 
is inevitable in any production design that sane tolerance must be recog- 
nized. These tolerances apply to all elements in the suction surface, 
metering, and ducting system. If the system is. designed to achieve the 
desired performance with the largest allowable nominal dimensions for these 
elements of the system, it follow that the system will be less sensitive to 
acceptable production tolerances. 

Present manufacturing constraints, notably slot width and spacing, are 
such that the criteria limits set forth in the literature of the X-21 pro- 
gram in Reference 7 cannot be met in the leading-edge region for a nominal 
configuration. In some cases, it is impossible to simultaneously meet all 
of these criteria limits even without production constraints, because the 
criteria limits are mutually exclusive. Thus, any system design must 
violate some of the existing criteria limits with selections based on the 
judgment of the designer. V/hen realistic production tolerances are 
superimposed on such a design, the effects on laminarization are totally 
unknown . 

In this study, both analysis and testing have disclosed the wide varia- 
tion in suction flow that results from very small variations in slot widths 
and slot metering. The effects of these flow variations are unknown, but 
if the design assumes that the prescribed suction flow is the minimum re- 
quired for laminarization, the system must be designed for a higher nominal 
flow to allow for deviations that would reduce the flow. The flow would 
then be still higher when the deviations are in a direction to increase the 
suction flow. The effect of this increased flow on laminarization is also 
un kno wn . 

These considerations serve to illustrate the dilemma and risk faced in 
the suction system design. A comprehensive parametric test is needed to 
explore the applicable criteria and their upper and lower limits as they 
affect laminarization. This testing should range from an exploration of 
the upper and lower limits of suction allowable to achieve laminar i zed flow 


to an evaluation of the stability characteristics of various slot metering 
systems. The test should be oriented towqrd configurations that are more 
easily manufactured with low sensitivity to tolerances. 

Initial testing may be accomplished in a small test facility where both 
suction surface and metering system configurations may be readily changed. 
Testing should be conducted on a relatively short length of laminarized 
surface with the primary emphasis placed on correlating test results with 
available analytical methods and design methodology. Testing should in- 
clude variations in all suction system design criteria, with full explora- 
tion of both upper and lower limits. While it is recognized that all 
flight parameters cannot be properly simulated, sufficient simulations can 
be achieved to provide significant correlation with and verification of 
current methodology and indicate appropriate changes. 

This testing would be very beneficial in reducing the risk of future 
programs which are largely restricted to single configurations. The re- 
sults of such testing may also indicate further testing apporiate for the 
NACA high speed wind tunnel test . 

8.3.4 Leading-Edge Region Cleaning 


The leading-edge cleaning system testing discussed in Section 6.4.4 has 
provided substantial verification of the system. The unfortunate difficul- 
ties with the injection of cleaning fluid on the lower surface prevented 
complete demonstration of the system but the test fully verified the con- 
cept. Reliance on transient characteristics of the stagnation line to in- 
termitently alter the cleaning film flow to cover the area between some of 
the forward slots is the only facet of the design that was not fully 
demonstrated . 

The adequacy of the cleaning fluid composition for the anti-icing 
function has not been evaluated. An analytical evaluation of the compo- 
sition for this function is required and the composition requires altera- 
tion to satisfy this requirement. These analyses of the liquid composition 
should include consideration of the contamination characteristics and if 
possible improve the liquid composition from the standpoint of clearing the 
slots after the system is turned off. These refinements to the cleaning 
liquid composition should be completed before flight testing of the system. 

The required cleaning liquid flow levels and distribution for both the 
prevention of insect accretion and fer de-icing requires further evaluation 
and development. These evaluations may be carried out in the operational 
atmosphere of the flight tent program. 

8.3.5 Aircraft Design 


Previous design efforts have been directed toward providing LFC capa- 
bility on wing surfaces, and have produced several viable concepts for 
providing efficient suction flow paths from the surface to the suction 
pump. These conceptual design studies considered maintainability and re- 
liability in a broad sense, but the limited scope and budget available pre- 
cluded the in-depth study and design required to evaluate the operational 
aspects of maintaining a fleet of IFC transports in a high-utilization en- 
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vironment. In general, direct maintenance costs and fuel costs represent 
comparable percentages of total direct costs. Thus, in order to maximize 
the benefits of LFC, maintenance costs attributable to LFC must be 
minimized . 

It is expected that LFC transports entering fleet service will be 
integrated into a maintenance/ overhaul schedule routine similar to that 
presently in general use by the major carriers. To allow LFC transports to 
be readily assimilated into general fleet service, the LFC systems must be 
designed with the same goals used for current conventional aircraft, in- 
cluding the use of proven, reliable components and designs, provision of 
generous access for inspection/replacement, and satisfying the requirement 
that 90% of all line replaceable units (LRU) be capable of replacement in 1 
hr or less. Included in the LRU replacement time are opening and closing 
of access panels, attachment and removal of support equipment, and removal 
and installation of the LRU. Included in future maintenance requirements 
peculiar to LFC transports is the repair of composite/titaniun surfaces and 
the protection, repair, and cleaning of slotted suction surfaces. 

To demonstrate industry's capability to meet these requirements and 
establish the credibility of LFC among airline operators, more in-depth 
study and demonstration in reliability/maintainability is required. This 
can be accomplished in the flight test and flight validation programs 
planned by the NASA. The leading-edge flight test program will provide 
experience in maintaining smooth slotted surfaces and some insight into 
potential operational problems. The wing surface panel program will permit 
design effort in the detail design of access openings for inspections and 
maintenance, the development and verification of techniques for inspection 
of layered composite/titanium structure, and the development and validation 
of repair procedures for the same surfaces. The validator aircraft program 
will impose the requirement for implementation of the "design for maintain- 
ability" concept. The validator program, with its design, manufacture, 
test, and demonstration phases, will provide the ultimate proof of LFC as a 
viable technology for future transports. That program will demonstrate the 
compatibility of LFC with the real world of airline operations in which 
maintainability/reliability share equal importance with system performance 
if fuel or cost savings are to be realized in fleet usage. 
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